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SUMMARY 


The application of the principle of cancer studies in which either the 
coordinated growth to the interpreta- time-to-appearance of cancer or the 
tion of studies of carcinogenesis is dis- jneidence of cancer in a population of 


cussed. It is pointed out that since ® animals, at a given time, is used as an 
cancer may be considered as a growing. ; nt : 
part of its host it should be influenced index of carcinogenicity, therapeutic 
by factors that affect the over-all action on cancer, the action of en- 
growthofthehost. Thislendsadegree docrines, etc.—J. Nat. Cancer Inst. 23: 
of uncertainty to the interpretation of 229-239, 1959. 


THE PROPORTIONALITY of growth of parts of multicellular animals 
is coordinated in some way not clearly understood. An example of 
seeming import to students of cancer is the observation that a starved 
mouse suffers reduction in the growth rate as compared with a well-fed 
one, and at the same time develops cancer more slowly. Quantitative 
aspects of the coordinated growth of parts were examined by Julian 
Huxley (1) a number of years ago. The underlying regulatory mech- 
anism is obscure and presents a major problem of developmental mor- 
phology. This paper is not concerned with the mechanism but with 
quantitative relationships, their possible bearing on the growth of cancers, 
and, hence, on the quantitative study of carcinogenesis. 

Let us assume that two parts of an animal, A and B, grow at the same 
relative rates; that is, during a given interval of time each part increases 
in size by a given fraction of its size at the beginning of that interval— 
size being measured by any appropriate dimension, volume, surface, 
weight, etc. We may describe this situation by the two equations 


dA 

a7 oA (1) 
and 

dB 

= %B (2) 
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where A and B represent the sizes of the respective parts, ¢ is time, and 
G, and G, are respective growth functions, which we assume for the time 
being to be constants. 

The two equations (1) and (2) yield the definite integrals 


In A, — In A; = Gy(tz — th) (3) 
and 


In B, - In B, = G,(t — t) (4) 


where A, and B, represent the dimensions of the two parts at time {¢,, 
and A, and B, the respective dimensions of these parts at time ¢,, ln 
signifying the natural logarithm. 

When the functions G, and G, are constants, plotting on semilogarithmic 
coordinates as in text-figure 1 gives straight lines. In this text-figure 
curves A and B have the same slope since the growth constants have 
been chosen the same, 7. e., G, = Gy; but the curves have different positions 
on the ordinate because the size of the parts have been assumed to differ. 
Curve B’, on the other hand, represents the case of a different growth 
constant, i.¢e., in equation (4) G,’ has been substituted for G,, and G,’ # 
G.; here we see that the slope of curve B’ is different from that of curves 
A and B. 

To illustrate relative relationships of growth of parts, it is customary 
to plot the data in another way (e.g., see 1). From (3) and (4) we may 
write for any given interval of time (#, — t,) , 


In A,—In A; _ G (5 
InB,—InB, G, ,' 





LOG SIZE OF PART 








TIME 


TEXxtT-FIGURE 1.—Semilogarithmic plotting of growth of parts at constant relative 
rate. A and B represent growth at the same relative rate; B’ at a lower growth 
rate. 
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since in this form (tf, — t;) cancels out. Hence plotting on log-log coordi- 
nates, as in text-figure 2, yields straight lines.‘ The line AB in text-figure 2 
represents the plotting of log A vs. log B, the slope of the line is unity 
since G, = G); line AB’, which represents log A vs. log B’, has a slope 
other than unity because G, ¥ G,’. 





LOG A 








LOG B OR LOG & 


TEXT-FIGURE 2.—Log-log plotting of growth of parts. AB represents the growth 
of the two parts A and B represented in text-figure 1; since the growth rates are 
the same, the slope of the curve is unity. AB’ represents the growth of the two 
parts A and B’, since the growth rates are not equal, the slope is other than unity. 


In the example just presented, where two parts of an organism grow at 
constant relative rate, the straight lines obtained by plotting on log-log 
coordinates do not necessarily indicate coordination in the growth of the 
two parts. The same relationships would have been found if the two 
parts were growing independently in this fashion; or if they were parts 
of two different organisms where each of these two parts grew at constant 
relative rate. Jt is only when the growth of parts of an organism follows 
some common function which is not linear that we have evidence of coordination 
of growth within the organism, e.g., when G, and G, are not constants, 
but are functions having the same form with respect to time. 

Let us consider such a case, writing 


G, = kefa(t) (7) 
and 


G, = kifo(t) (8) 


where k, and k, are constants, and f,(¢) and f,(t) represent functions of 
time. 


‘ Usually common logarithms are used in such plotting as in text-figures 2 and 4, but the result is the same, since 


In Ay — In Ai _ 2.3 (log Aa — log Ai) (6) 
In By — in By 2.3 (log Bs — log B;) 
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Substituting in (3) and (4) we obtain 


In A; —_ In A, = kafa(t) (te = t,) (9) 
and 
In B, —In B, = kof o(t) (te —_ th) (10) 


The curves plotted on semilogarithmic coordinates in text-figure 3 
describe such relationships. In all these curves the growth function 
has the same form with respect to time, i.¢., fa(t) = fo(t) = fo’(t). In 
curves A and B, the constants k, and k, are equal; we note that the curves 
are parallel. In curve B’, the constant k,’ is not equal to k,, and this 
curve is not parallel to the others although it has the same form. 

Combining (9) and (10) as in (5) we may obtain 


In A, — In A; _ kafalt). 
InB,—InB,  kifp(t) 





(11) 


If the functions f,(¢) and f,(t) are equal at every instant of time, straight 
lines are obtained on log-log coordinates, as in text-figure 4 where the 
curves from text-figure 3 are expressed in this manner. In all the curves 
the function f(t) is the same. For the curve AB the constants k, and /, 
are equal, hence the slope is unity. In curve AB’ the constant hk,’ is 
not equal to k, and the slope is other than unity. 

Thus, when the growth of parts of an animal changes synchronously 
so that the same relative proportions are maintained on the semilog grid, 
log-log plotting yields a continuous straight line. Thus, an adult mouse 
continues to grow at a diminishing rate as it ages, although the proportion 


LOG SIZE OF PART 











TIME 


TEext-FIGURE 3.—Semilogarithmic plotting of growth at a decreasing relative rate. 
All curves follow the same function with time although only A and B are parallel. 
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of its parts changes little. But in the course of the development of an 
organism the proportion of the parts ordinarily changes, which means 
that the slopes of the curves on a semilog graph must change with respect 
toeach other. If such changes in slope occur abruptly and coordinatedly, 
as they sometimes do, log-log plotting gives a series of straight lines. 
There are also instances where the proportion of parts changes so con- 
tinuously that log-log plotting does not yield straight lines even for 
relatively short intervals [for description of a variety of cases see (1)]. 

It should be clear from this brief discussion that the finding that a 
straight line is obtained when the growth of two parts is plotted on log-log 
coordinates does not in itself constitute proof that growth is coordinated 





LOG A 








LOG B OR LOG B’ 


TextT-FIGURE 4.—Log-log plotting of the curves in text-figure 3. AB representing 
the growth of parts A and B has unit slope because these curves have the same 
growth function and slope. AB’, which represents the growth of parts A and B’, 
has a slope other than unity because, although the same function with time is fol- 
lowed by these curves, the constants are different. The vertical lines on curve AB 
represent equal intervals of time. 


within the organism. When the growth curves of these parts do not 
yield straight lines, when plotted separately on semilogarithmic coordi- 
nates, but do yield straight lines on the log-log plot, the existence of such 
coordination becomes much more likely, however. And when it is found 
that the log-log curves may change their slopes abruptly at certain points 
in the development of the organism, yet continue as straight lines, this 
likelihood increases. But there is so much other evidence from develop- 
mental morphology to assure us that growth of parts is coordinated, 
that what support such an analysis can give may seem superfluous. It 
may have value, however, in giving us a better basis for thinking quanti- 
tatively about such problems. 
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Let us attempt to formulate a model that will permit us to describe 
the action of some possible factors concerned in the coordination of growth 
of parts, as follows: 


G, = R(R, + R,) (12) 
and 


G, = R(R, + R,) (13) 


where R and R, are functions governing growth of both the parts A and 
B, whereas R, and R, are functions specific for the growth of those two 
parts respectively. These various functions might be quite complex, 
but for simplicity let us consider them all to be constants. Substituting 
from (12) and (13) in (3) and (4), respectively, we obtain 


In A, — In A, = R(R, + R,)(te — th) (14) 
and 
In B, ~—_ In B, = R(R, + R,)(t —_ t;). (15) 


According to this model any change in the common function R (the other 
functions remaining constant) would change the growth rates of parts A 
and B to the same extent. Changes in the common function R, would 
change the growth rate of the two parts to different extent, thus altering 
the proportions of the animal. Changes in either or both of the specific 


growth functions R, and R, would alter the growth of the parts independ- 
ently, and would change the proportions of the animal. 

The existence of common factors governing over-all growth, as com- 
prised in the function R of our model, seems probable enough. Any 
factor which affected the supply of metabolites throughout the body 
might be expected to act in this way, altering the growth of parts pro- 
portionately—the effect of starvation in the mouse would seem to exem- 
plify this. Much more difficult to explain are the changes in growth 
rates of parts during the course of development, which must occur at 
just the proper times if the animal is to maintain appropriate proportions 
as it proceeds toward adult configuration. Such changes could be com- 
prised in the functions R, and R,, but might also occur through changes 
in the common function R,. For example, the function R, might repre- 
sent the effect of an endocrine secretion which affected all the parts of 
the animal, but to a different degree because of differences in the specific 
growth functions R, and R,. Probably the common and specific func- 
tions are never completely independent, and at best our schematization 
can only be useful as a model to help us in thinking about the problem. 
But it indicates an uncertainty in regard to the interpretation of a mode 
of action of a given factor when based on the growth of an individual 
part. In the light of this uncertainty, to what extent can we be sure of the 
locus or mode of action of any experimentally introduced factor? This 
question would seem to apply to interpretation of the results from many 
studies of cancer. 
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COORDINATED GROWTH OF BODY PARTS AND CANCER 
APPLICATION TO CANCER STUDIES 


Let us make the reasonable assumption that the growth of a cancer 
in its host is an example of coordinated growth of parts—the cancer 
growing faster than the host but subject to at least some of the factors that 
govern the growth of the host. We may then apply the model described 
by equations (14) and (15), letting the former represent the growth of 
some dimension of the host, the latter the growth of some dimension of 
the cancer. To have a concrete example we might compare body weight 
of a mouse with volume of a cancer growing in that animal; thus, the 
terms A and R, in (14) apply to the body weight, the terms B and R, in 
(15) to the volume of the cancer, while the common terms R and R, apply 
to both. To simplify the discussion further let us treat these growth 
functions as constants, so that straight lines are obtained with semi- 
logarithmic graphing as in text-figure 5, the former representing growth 
in body weight, the latter growth in cancer volume. Two conditions are 
represented in this figure: growth under conditions of adequate feeding, 
and growth at a slower rate under starvation. Under both conditions 
growth is represented as more rapid for the cancer than for the mouse, 
by the greater slopes of the curves for the former. 


CANCER 


LOG BODY WEIGHT OF HOST 


LOG VOLUME OF 











TIME 


TEXT-FIGURE 5.—Schematic representation of growth of a cancer, and of its host, 

constant relative growth rate being assumed for simplicity. 

Curve H represents increase of body weight of the normally fed host, and C 
the increase in volume of the cancer under the same conditions. Curves H’ and C’ 
represent the respective growth curves under starvation, the same proportionate 
reduction in rate being assumed in both cases. The ordinate units for H and H’ 
are not the same as for C and C’, so these curves are only comparable in relative 
terms. 

T and T’ represent respectively the times required for the cancer to reach the 
volume V, under the normally fed (C) and starved (C’) conditions. 
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Effect of Starvation 


It is reasonable to think that a factor such as starvation would reduce 
proportionately the growth rate of the cancer as well as all parts of the 
host; this would correspond to a decrease in the function R in equations 
(14) and (15). This situation is represented by the curves in text-figure 
5, where it is represented that starvation reduces the growth rate to the 
same extent in the cancer as in the host. 

The index commonly employed in experimental studies depends on the 
cancer reaching a grossly observable volume; and no matter what the 
mechanism of cancer induction, the time required to reach this volume 
must be determined to a greater or less extent by the growth rate of the 
cancer. Let us call the time for the initiation of cancerization (e.g., the 
first application of a carcinogen) to the time at which the tumor reaches a 
given observable volume, the development time. This term is employed 
in preference to the more commonly used “latent period”, because the 
latter seems to neglect the growth of the tumor. In text-figure 5, the tu- 
mor is represented as growing throughout the whole of the development 
time—a condition which appears to be fulfilled in at least one case of 
carcinogenesis (2-4) and one which may be assumed for purposes of dis- 
cussion. It is seen from text-figure 5 that the appearance of a tumor 
should be delayed by starvation; that is, the development time should 
be increased. : 

Increase in development time as the result of starvation is a common 
observation, but without relating this to growth of the host we cannot be 
sure whether we are dealing with a general over-all effect as represented by 
a change in function R in (14) and (15), or a specific effect on the tumor 
itself, as indicated by a change in the function R, in equation (15). 
Although the former seems the most likely, a degree of uncertainty is 
obviously present in any interpretation of the effect of starvation on the 
development of a cancer. 

The above example has been simplified by assuming constant rates 
of growth for the mouse and for the cancer, a situation which could not 
really obtain since the growth rate of the adult mouse changes with age. 
Obviously, however, the same argument should apply if the growth rate 
was not constant but the shapes of the growth function for the host and 
for the cancer were the same (see text-figs. 3 and 4). Even though the 
growth functions for the host and the cancer differed with respect to time, 
starvation should affect both, though the relationships might be somewhat 
complex. 

The true growth function for the tumor is not directly determinable 
nor is the moment of origin of the cancer or its initial volume. Hence any 
growth-rate function other than the simplest one, which has been em- 
ployed here, would only cloud the argument. In one instance where 
quantitative extrapolation has been made, growth appears to be continuous 
throughout the development time, the relationships being somewhat 
complex (4). 
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Effect of Age 


Generally, older mice take longer to develop tumors than younger ones 
that are subjected to the same carcinogenic treatment. This might be 
predicted from the same argument used in the discussion on the effect of 
starvation, since the rate of growth of the mouse falls off with age. But 
again we are presented with an uncertainty, since we do not know whether 
the effect of aging is to be explained entirely on the basis of coordinated 
growth of parts or whether a specific effect of age on cancer development 
also occurs. 


Effect of Carcinogenic Agents 


The fact that starvation, and aging, may affect cancer development 
gives us confidence that there is a parallelism between over-all growth 
rate and cancer growth rate, as would be predicted by our model, and it 
seems reasonable to consider the implications of this with regard to 
carcinogenesis. 

Comparison of carcinogenic potency is commonly based, directly or 
indirectly, on the proportion of animals that develop cancer in populations 
treated with different carcinogenic agents. The comparison is often 
made in terms of the percentage of test animals that have developed 
tumors at a given time after the application of the carcinogen. Alterna- 
tively, the animals may be allowed to live out their lives, and the per- 
centage that has developed tumors used as the basis of comparison. In 
either case it is really the over-all rate of development of tumors that is 
compared, since the percentage of animals with tumors depends upon the 
rate of development in the corresponding fraction of the population. 
Both of these procedures have obvious fallacies: in the first, the percentage 
of animals with tumors is influenced by the time at which the comparison 
is made; in the second, by the mortality of the animals. A more satis- 
factory comparison might be made in terms of the distribution of tumor 
development time within the population (5). But our model indicates an 
uncertainty in the interpretation of the results, even if these methods 
could be assumed to give good indices, since at least a part of the rate of 
tumor development is determined by the rate of growth of the tumors. 

Suppose that a carcinogen for one reason or another reduces the over-all 
growth of the animal, which certainly happens in at least some instances. 
This effect should tend to increase the time required for the tumors to 
appear; and if we compare two carcinogens in these terms we must be 
uncertain as to how much of any observed difference results from their 
respective potencies in inducing cancer, and how much is to be attributed 
to their respective effects on over-all growth of the animals. For instance, 
suppose that two carcinogens are equally potent in inducing cancer, but 
one has a greater effect on over-all growth of the test animal than the 
other. Then by our index we would judge the first to be a more potent 
carcinogen than the second, although the difference is really explained by 
a difference in the over-all growth rate. 


VOL. 23, NO. 2, AUGUST 1959 









238 BLUM 


When cancer is induced in mouse skin by ultraviolet light, the food 
intake is reduced as a result of the irradiation, and this effect increases 
with the magnitude of the dose (6). Rusch (7) has shown that reducing 
the caloric intake of the animals delays the appearance of tumors pro- 
duced by this carcinogenic agent. Thus, although the time-to-tumor 
appearance decreases with increasing dose, this effect should be opposed 
to a certain extent by the tendency to slow down the growth of the tumors 
due to limitation of the diet. In this case, analysis of the data (2-4) 
indicates that the effect of reduced diet is trivial, presumably because the 
principal effect of the ultraviolet light is to accelerate the growth of the 
cancers; and this process being second order with respect to time, the first 
order effect of dose on over-all growth rate becomes of small importance 
(see 4). This argument should only apply when, as in experiments with 
ultraviolet light, the doses are repeated many times. In most carcino- 
genic studies a single dose is employed, and it may be expected that 
growth is of first order with respect to time, in which case the effect of the 
carcinogen on over-all growth rate could have considerable importance. 


Therapeutic Agents 


It is obvious that the testing of therapeutic agents may involve the 
same kind of uncertainty as the testing of carcinogens. If, for example, a 
supposed therapeutic agent lowered the over-all growth rate of the animal, 
it might appear to have a curative effect on cancer which it did not truly 
possess. The common procedure of using transplanted tumors for testing 
would seem to be directly subject to this uncertainty, since the recognition 
of tumors must be directly related to their growth rates, because there is 
no uncertainty regarding the moment of origin. 


Endocrine Effects 


It has been pointed out that endocrine secretions might have either 
general or specific effects on parts; 7.e., they might affect either the com- 
mon functions FR and R, or the specific functions R, and R,. This might 
also be predicted in regard to cancers, and thus there is an element of 
uncertainty in experiments when such products are introduced into the 
host bearing the cancer, or when an endocrine organ is extirpated (e.g., 8), 
since one does not know whether it is the over-all growth of the animal as 
a whole, or specifically the growth of the cancer, that is affected. 


DISCUSSION AND CONCLUSIONS 


The principle of coordinated growth of parts, established by quantita- 
tive studies of the developmental growth of many organisms, would seem 
to be applicable to the growth of cancers. The cancer may be regarded as 
a growing part of its host, and hence subject to factors which affect the 
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growth of the host. This reasoning explains the effect of starvation, and 
of age of the host, on cancer-development time, both of which are matters 
of common observation. It seems appropriate to apply the same reasoning 
in the study of carcinogenic and therapeutic agents, and it is seen that this 
introduces an element of uncertainty into the interpretations of such 
experiments. The same may apply to studies of endocrines on cancer. 

Is there any chance of resolving this uncertainty? This might be possi- 
ble if relationships could be established between growth of the host and 
growth of the cancer. Increase in body weight should be a good index of 
over-all growth rate of the host, and one readily obtainable. No doubt 
the body weight of the experimental animal has been regularly measured 
in many cancer studies, although as a rule these data are not published, 
and this might facilitate the search for such relationships. Since the 
relationships might prove somewhat complex, it would be unwise to 
predict a priort what information could be gleaned from such a study, 
but it could well be a fruitful one. 
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SUMMARY 


The cytology of rabbit papillomas and 
of three transplantable tumor lines 
that originated from these papillomas 
has been studied in material grown in 
New Zealand white rabbits. The rab- 
bit papillomas are largely diploid. The 


and from each other, in that the Vx2 
carcinoma is hyperdiploid, the V2 carci- 
noma is triploid, and the Vx7 is a higher 
polyploid. Possible reasons for these 
differences are discussed.—J. Nat. 
Cancer Inst. 23: 241-249, 1959. 








carcinomas differ from the papillomas, 


THE RABBIT papilloma is a virus-induced tumor that may undergo 
spontaneous transformation to malignancy in domestic and wild cotton- 
tail rabbits (1, 2). Transplantable lines (Vx2 and Vx7 carcinomas) have 
previously been isolated from tumors that have undergone this trans- 
formation (3-4). 

Since we are primarily interested in the malignant transformation, we 
wanted to know whether the transplantable tumors had any cytological 
characteristics in common with the benign rabbit papilloma or with each 
other. The ability of the Vx2 carcinoma to grow after heterologous trans- 
plantation into other species (6) and the loss of the ability to elicit the 
formation of antipapilloma antibodies (7) suggest that a heteroploid situa- 
tion may exist in Vx2 analogous to that found in mouse tumors with 
increased host range (8, 9). We felt that a study of the cytology of these 
tumors might give us some information pertinent to these characteristics 
and serve as a preliminary to a study of the cytological changes during 
the papilloma-to-carcinoma transformation. 


MATERIALS AND METHODS 


The Vx2 carcinoma was obtained from Dr. Peyton Rous, in 1955, in 
its 99th transplant generation. It has been maintained in our laboratory 


! Received for publication December 29, 1958. 
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by transplanting tissue fragments. These fragments were suspended in 
Locke’s solution plus serum (9:1) and then injected into the thigh mus- 
cles of the rabbit. Tumor growth occurred in 100 percent of the animals 
that received this injection. 

The V2 carcinoma,’ a second line from the Vx2 isolate, has been carried 
in this laboratory since 1950. It was originally procured from Dr. Coeman, 
who had obtained it from Dr. Kidd some years before. This carcinoma 
was transplanted by injecting 3 cc. of a 1:10 weight/volume suspension 
of tumor cells in normal saline into rabbit thighs. This resulted in tumor 
growth in approximately 90 percent of the animals. 

The Vx7 carcinoma was obtained from Dr. Peyton Rous, in 1956, in 
its 45th transplant generation. We maintained this tumor by trans- 
planting tissue fragments (as for the Vx2) into the thigh muscles, which 
resulted in 100 percent tumor growth. 

The rabbit papillomas were produced in domestic rabbits by scarifica- 
tion of the skin with rabbit papilloma virus, from wild cottontail rabbits, 
which was provided by Dr. Richard Shope. 

New Zealand white domestic rabbits have been used routinely for 
transplants and for studies of rabbit papilloma in domestic rabbits. The 
cytology of tumors growing in the New Zealand red strain of rabbits was 
also studied and did not appear to differ from the New Zealand white 
strain (10). Wherever possible, young tumors were used for cytological 
study. These were palpable 1 to 2 weeks after injection of the suspen- 
sion or fragment and were not more than 2 cm. in diameter. Tumors 
larger than 2 cm. have central necrotic areas with a very small periphery 
of dividing cells, which makes it difficult to obtain enough cells in mitosis 
for cytological study. The animals with papillomas reported here were 
studied 1 to 2 weeks after the papilloma appeared, in order to take ad- 
vantage of a period of rapid growth. 

All animals received intravenous injections of colchicine, 0.0012 mg. 
per gm. body weight (//) suspended in 5 ce. of saline, 9 to 12 hours 
before they were killed. A number of fragments of each tumor were 
pretreated with distilled water and fixed in 50 percent acetic acid (12). 
The carcinomas were friable, and minute fragments could be separated 
merely by pressing the fixed material to the slide. Siliconed slides were 
used throughout. The material was stained and squashed in 45 percent 
aceto orcein (Gurr’s). The slides were sealed with a mixture of gum 
mastic and paraffin and stored in the refrigerator at 4° C. for a 1- to 
2-week observation period. Some intensification of the stain occurred on 
storage. Chromosome counts were made from well-spread metaphases 
that were separated from other dividing cells. Each cell was counted 
repeatedly because there were so many chromosomes. Nonetheless, an 
error of 1 or 2 chromosomes per count might have occurred. 


+ The Vx2 carcinoma was originally called the V2 carcinoma, but the name was changed to Vx2 during World 
War II (8). 
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CYTOLOGY OF RABBIT TUMORS 


OBSERVATIONS 


Rabbit Papilloma 


Fragments of tissue teased from the base of young papillomas yielded 
few dividing cells. All of these were close to the diploid chromosome 
number of 44 (13, 14). The chromosome-number distribution in the 
papillomatous area of one rabbit is indicated in text-figure 1. Fifty- 
five percent of the cells counted in this rabbit had the 2n chromosome 
number, 44. There were more hypodiploids than hyperdiploids in this 
particular tumor, which may well have resulted from cell fracture during 
squashing. The surfaces and deep projections of the papillomas are 
highly keratinized, which makes it difficult to get satisfactory cytological 
preparations. There are rare hyperdiploid cells in the rabbit papillomas 
(see table 2). Figure 1 shows a typical dividing cell of the rabbit 
papilloma. 
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TEXT-FIGURE 1.—Distribution of chromosome number in three lines of rabbit carci- 
noma and in rabbit papilloma. 


Vx2 Carcinoma 


The cytology of the Vx2 tumor was studied in a number of transplant 
generations. Table 1 shows the percentage of diploid, hyperdiploid, 
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TaBLeE 1.—Chromosome number and transplant generation 





Genera- Rabbit Percentage of cells with chromosome numbers of: 
tion No. <50 50-65 66-88 >88 





2810 
3242 





triploid, and tetraploid cells in the Vx2 carcinoma (generation 101) 
soon after it was received from Doctor Rous, and again 25 generations 
later. The percentages of diploids and polyploids appear essentially 
unchanged. Text-figure 2 shows the distribution of cells in two of these 
tumors. It appears that after 25 generations of transplantation in New 
Zealand white rabbits the tumor may have a narrower range of chromo- 
some numbers. There are fewer cells in the 3n range. Figure 2 shows 
a representative cell of the Vx2 carcinoma. 
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TEXT-FIGURE 2.—Distribution of chromosome numbers in Vx2 tumors. 


V2 Carcinoma 


The V2 carcinoma is a strain of Vx2 which has been carried in this 
laboratory, and has differentiated from the Vx2 strain (10). The mean 
chromosome number of Vx2 is 58, that of the V2, 64. The differentiation 
can be best observed in text-figure 1 where the mode of the V2 is seen to 
be close to the 3n number. The V2 carcinoma studied in the 33d, 35th, 
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and 37th Indiana transplant generations appears to be fairly consistent 
in its cytological characteristics (table 1 and text-fig. 3). Figure 3 
shows a typical metaphase cell of the V2 carcinoma. 
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TEXT-FIGURE 3.—Distribution of chromosome numbers in V2 tumors. 


Vx7 Carcinoma 


The Vx7 carcinoma cytologically is quite different from the rabbit 
papilloma and the Vx2 strain. In the Vx7 there are rare hyperdiploid 
cells. Most of the cells are triploid, tetraploid, or hypertetraploid. The 
larger number of chromosomes makes enumeration difficult, and fewer 
cells are represented here. Text-figure 4 and table 1 show the frequency 
distribution of chromosome numbers in 2 tumors of the Vx7 line. Both 
are high polyploids, but the earlier transplant generation, 54, has more 
cells with lower chromosome numbers than the tumor from generation 60. 
The appearance of these highly polyploid cells and the increased number 
of higher polyploids in the 69th versus the 54th transplant generation 
suggest a tendency for polyploidization in this tumor. Figure 4 shows 
a cell from the Vx7 carcinoma. 


Comparison of Tumors 


Table 2 and text-figure 1 summarize the chromosomal situation in the 
4 tumors. The 3 carcinomas show varying degrees of hyperdiploidy and 
polyploidy and only rarely are there any diploid cells. The rabbit 
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TExtT-FIGURE 4.—Distribution of chromosome numbers in Vx7 carcinoma. 


TaBLE 2.—Chromosome numbers in rabbit tumors 





Number Percentage of cells with chromosome 
of numbers of: Total 
Type tumors <50 50-65 66-88 >88s cells 
Rabbit papilloma 3 96. 3 2. 4 1.2 a= 82 


Vx2 (thigh) 0. 3 94. 4 3. 8 1.5 339 





6 
V2 (thigh) 7 0. 4 67. 1 29. 6 2.9 483 
6 


Vx7 (thigh) — 3. 0 52. 5 44. 6 101 





papilloma, on the other hand, is predominantly diploid and hyperdiploid. 
Rarely are there any cells in the triploid to tetraploid range. 


DISCUSSION 


Most tumors that have been studied appear to be fairly consistent in 
cytogenetic characteristics. They are characterized by stemline chromo- 
some numbers which are maintained over a number of transplant genera- 
tions. The chromosome number of transplantable tumors is most fre- 
quently hyperdiploid or hypotetraploid (15). The Vx7, Vx2, and V2 
lines are not unusual in this respect. They present the characteristic 
heteroploid and polyploid situation and are fairly consistent considering 
that they are maintained in essentially heterologous transplants, i.e., the 
rabbit strains used are not inbred. 

An increasing number of instances of cytogenetic variation in tumor 
lines have been appearing recently. These represent alterations in host 
range (8), progression in the conversion of solid to ascites tumors (16), 
changes in chromosome morphology (17), and changes in chromosome 
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numbers (9). The three strains of rabbit tumor which we have studied 
have a long history of transplantation. They differ cytologically from 
the benign rabbit papilloma. However, the cytological situation in 
early stages of malignant transformation is not yet known. The tumors 
have been subjected to a number of influences during transplantation, 
which could account for their cytological characteristics. The Vx2 car- 
cinoma, for example, originated from a papilloma in a Dutch-belted 
rabbit. In the early transplant generation it was carried in sibs or 
closely related animals of this strain. After the fifth generation the 
tumor was grown in hybrid agoutis (3). In our laboratory both the V2 
and Vx2 have been grown in New Zealand white rabbits. 

The Vx7 arose in an adult mongrel agouti, was transplanted into new- 
born agoutis (4), and apparently was maintained in thet strain for a 
number of generations. The Vx7 is also maintained in this laboratory 
in the New Zealand white strain of rabbit. Certainly there has been 
ample opportunity for selection of variants in this material. Whether 
the heteroploidy found in these tumors results from selection during 
transplantation in a number of different, but by no means inbred, strains 
of rabbit or whether it allows the survival of the tumor in these strains 
cannot be determined (8). The cytogenetic characteristics of the V2 
carcinoma would certainly facilitate the heterologous transplantation 
into hamsters and mice, which Greene observed (6). 

The changes occurring from the rabbit papilloma to a carcinoma are 
equally intriguing. The early stages of rabbit papilloma consist predomi- 
nately of 2n cells, yet there appears to be a small percentage of exceptional 
cells of higher chromosome numbers (table 2). One wonders whether 
the concept of tumor progression can be applied to benign tumors existing 
for long periods in the premalignant state. (The malignant transformation 
of the rabbit papilloma in rabbits requires at least 9 months.) The ob- 
servation that cytological changes occurred was made many years ago 
by Winge and coworkers (1/8, 19). Their concepts have recently been 
discussed by Levan (15), and by Kit and Griffin (20) who also suggest 
that the precancerous changes may be akin to tumor progression (20). 
We are in the process of studying these changes in the rabbit papilloma, 
a virus-induced tumor of rabbits. 
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PLATE 23 
Figure 1.—Mataphase cell of rabbit papilloma—45 chromosomes. X 3,100 
Figure 2.—Metaphase cell of Vx2 carcinoma—54 chromosomes. X 2,000 
FiaurE 3.—Metaphase cell of V2 carcinoma—60 chromosomes. X 1,800 


Figure 4.—Metaphase cell of Vx7 carcinoma—90 chromosomes. 
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Virus of Avian Myeloblastosis. 


XIll. Anti- 


body and Immune Response of the Chicken to 
Formolized Virus and to Active Virus ':” 
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J. W. BEARD, Department of Surgery, Duke University 
Medical Center, Durham, North Carolina 


SUMMARY 


Studies were made on the antibody re- 
sponse of chickens to myeloblastosis 
virus inactivated with formalin, fol- 
lowed by administration of the un- 
treated active agent. It was observed 
that the response to the formolized 
agent resulted in the induction of 
neutralizing antibodies in variable and 
low titer. Subsequent inoculation of 
active virus was followed by a greatly 
increased level of antibody titer in the 
same birds. Essentially no response 


was seen in one of eight birds, and no 
evidence of infection was observed by 
examination of blood smears in any of 
the chickens, after active virus was 
given. Young chickens vaccinated by 
intraperitoneal inoculation of formol- 
ized myeloblastosis virus concentrate 
showed no decrease in susceptibility to 
the immunologically related erythro- 
blastosis virus.—J. Nat. Cancer Inst. 23: 


251-259, 1959. 


IN EARLIER reports (1-4) the induction in the chicken of antibodies 
active against the virus of avian myeloblastosis has been described. 
Such immune bodies act strongly to neutralize virus infectivity and, in 
addition, under proper conditions, to precipitate the agent quantitatively 


from suspension (3, 4). The process of immunization has consisted in a 
series of inoculations of formolized virus, followed by repeated injections 
of the untreated active agent. No experiments were made to determine 
the relative efficacy of formolized virus as compared with that of un- 
treated agent in the production of antibody. In recent studies, however, 
chickens have been treated as before, and it has been observed that, 
although antibody could be induced by formolized virus, the titer was 
greatly increased by further treatment of the host with the active agent. 

In view of the seemingly considerable antibody response to vaccination 
observed in the earlier work (3, 4), there was the obvious question of the 
possible influence of such vaccination in the protection of the host against 
subsequent contact with active virus. For reasons which will be indicated 
later, it would be difficult to test the influence of myeloblastosis virus 


! Received for publication January 19, 1959. 
2 This work was aided by a research grant to Duke University from the National Cancer Institute, National 
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the Dorothy Beard Research Fund. 
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vaccine in protection against challenge with myeloblastosis virus. It is 
technically feasible, however, to vaccinate with myeloblastosis virus 
vaccine and to challenge with erythroblastosis virus, an immunologically 
closely related agent (4,4). An experiment of this sort has been made, 
and, somewhat contrary to prior expectations, no evidence of protection 
against erythroblastosis virus appeared to be afforded by administration 
of formolized myeloblastosis virus. 

The results of the studies on antibody and immune response are 
described in the present paper. 


MATERIALS AND METHODS 


The myeloblastosis virus was the BAI strain A which was used in earlier 
work (1-4). The agent for the preparation of formolized vaccine or for 
use as untreated virus was obtained from chicks inoculated intravenously, 
at 3 to 10 days of age, with 0.1—ml. volumes of filtered plasma from 
previous-passage birds. Only those birds with a high plasma virus con- 
tent, as determined by the microadenosinetriphosphatase test (6,7), were 
used as donors. Plasma was drawn into chilled centrifuge tubes contain- 
ing 0.15 ml. of a solution of 50 mg. per ml. heparin for each 10 ml. of 
blood collected. The plasmas, separated from cells by centrifugation at 
900 X g for 20 minutes at 2° C., were shell-frozen individually in a dry 
ice-alcohol bath and stored until needed in a dry-ice chest. For prepara- 
tion of vaccine or other procedures, selected plasmas were thawed quickly 
and pooled. 

The erythroblastosis virus for challenge in the chicks vaccinated with 
formolized myeloblastosis virus vaccine was the Engelbreth-Holm (8) 
strain R studied here since 1955 (5, 9). Challenging doses consisted of 
appropriate dilutions of filtered plasma from previous-passage hosts (9). 

The characteristics of the various pools of myeloblastosis virus plasma 
that were employed as the source of agent for formolization (Pools A, B, 
and C) and those for use (Pools D, E, and F), untreated in the vaccination 
and neutralization procedures, are described in table 1. All virus treated 
with formalin was concentrated by a single centrifugation. Untreated 


TaBLE 1.—Plasma pools for preparation of formolized vaccine and other 
procedures 





Virus particles/ 
ml. X 10" 
Date 
Dates collected Volume Direct ATPase formolized 
Plasma (1957) (ml.) count activity (1957) 








4/4-4/17 670 1.8 2 
6/20—7/8 126 10. 
9/16-10/12 330 10. 
10/7-11/13 152 ; 8. 
10/7-11/13 200 . 7 
6/20-9/13 155 ‘ 10 


6 4/18 
0 10/3 

0 10/21 
2 
7 
0 
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virus for vaccination and for the neutralization experiments was that in 
whole plasma. 

Pool A.—A small amount of Celite #512 was shaken up in the thawed 
and pooled plasmas, and the suspension was spun for 15 minutes at 
2,500 X g at 2° C. in the horizontal head of the International Centrifuge. 
The supernatant fluid, after dilution with an equal volume of Ca-free 
Ringer’s solution, was filtered through a thin Celite mat. The virus was 
sedimented in the ultracentrifuge (2), the supernatant fluid poured off 
and the pellets were resuspended in Ca-free Ringer’s solution at pH 7.5. 
Neutral formalin in Ca-free Ringer’s solution was added to this suspension 
to give a concentration of 0.1 percent and a total volume of 86 ml. con- 
taining 2.6 X 10" virus particles per ml. of vaccine. 

Pools B and C.—These were treated in the same way as Pool A. The 
sedimented virus was taken up in Ca-free Ringer’s solution and the 
concentration adjusted to 1 X 10” virus particles per ml. on the basis of 
adenosinetriphosphatase activity (10). The total volume of the vaccine 
from Pool B was 18.5 ml. and that from Pool C was 113.7 ml. All vaccines 
were kept at 4° C. after addition of the formalin. 

Pool D.—This was used as the source of active myeloblastosis virus for 
vaccination of the 8 roosters. The pool was centrifuged with Celite at 
4,000 X g for 30 minutes in a cold room at 2° C. The supernatant plasma 
was poured off for use, without further treatment. 

Pools E and F.—These plasmas provided the active virus for the 
neutralization tests. They were prepared in the same manner as Pool D, 
except that after passage through the Celite mat, the respective pools 
were filtered through 015 Selas candles. 

Plasma Pools D, E, and F were parceled and refrozen in volumes con- 
venient for the various experiments, and stored in the dry-ice chest. 

Chickens used for immunization (table 2) were Pelch’s White Rock 
Cross roosters approximately 8 months old, with no previous history of 
immunization procedures. The weights and treatment of the birds are 
indicated in table 2. 

Vaccination was begun October 28, 1957, immediately after the birds 
were bled for prevaccination serum by taking blood from the wing vein 


TABLE 2.—Doses of formolized and untreated 
virus for vaccination of the 8 roosters 





Number virus 
particles/kg. (X 10") 


Weight Formol- Un- 
Chicken ized treated 








Pe oh 
go gg fe pao pas pe 
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with a syringe. All birds were given equal volumes of formolized virus 
into the peritoneal cavity on alternate days, for 3 injections the 1st week, 
After an interval of 1 week, the series was repeated in the 3d week. This 
sequence was followed for a total of 9 injections over a period of 6 weeks. 
After an interval of 10 days from the last injection with formolized virus, 
the birds were bled December 9, 1957, again from the wing vein. 

The course of injections of untreated virus was begun the same day by 
intraperitoneal inoculation of 1.0 ml. of whole plasma (Pool D, table 1). 
Three such doses were given on alternate days the Ist week. The 2d 
week was skipped, and in the 3d week, 1.0 ml. of virus of Pool E was given 
intravenously on alternate days. Another sequence of intravenous injec- 
tions was carried out in the 5th week for a total of 9 inoculations with un- 
treated virus. Fourteen days after the last injection of untreated virus 
(Jan. 24, 1958), the chickens were bled out by cardiac puncture. The 
serum recovered after clotting was centrifuged twice at 900 X g for 20 
minutes, parceled, and stored at —23° C. 

Neutralization experiments were carried out by the procedures already 
described (3, 4). Serums were inactivated at 56° C. for 30 minutes in a 
water bath. The reaction mixtures, of 5.0-ml. volume, consisted of 1.0 ml. 
of the appropriate dilution of serum, 3.0 ml. of diluent (1.5% human 
serum albumin in Simms’ solution), and 1.0 ml. of virus which was a 
10~°! dilution of Pool E or F. The serum-virus mixtures and the con- 
trols were incubated in a water bath for 2 hours at 37° C., and then chilled 


in an ice bath. Residual virus activity was determined in dose groups of 
30 chicks each, inoculated intravenously with 0.1-ml. volumes of the mix- 
tures, at 4 or 5 days of age. The results were analyzed by the latent- 
period procedures previously used (3, 4). 

Particle concentration was determined routinely by adenosinetriphos- 
phatase activity (10) and also, in most instances, by direct count * in the 
electron microscope of the virus sedimented on agar (11). 


EXPERIMENTS AND RESULTS 


Antibody Response to Formolized and to Untreated Virus 


The findings in the 8 treated roosters are shown in the individual charts 
of text-figure 1. In preparation for these experiments, preliminary tests 
were made with each serum to determine the proper proportions of serum 
and virus for the final studies. The level of infectivity of the active virus 
preparation, as ‘adicated by the broken lines, was established in each ex- 
periment by calculation (3) with the data obtained with 2 dilutions of 
virus, 10~° and 10-'*'. The dilution of the plasma pools for the prep- 
aration of the test mixtures was the same for all mixtures of serum and 
virus, namely, 10-°*", This represented the optimum amount of virus 
that would be expected, on the basis of numerous earlier studies of the 


3 The authors are indebted to Dr. D. G. Sharp for the virus-particle counts on these preparations. 
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TrextT-FIGURE 1.—Dose response of chicks to untreated myeloblastosis virus (broken 
lines) ; to virus in mixture with prevaccination serum from 8 roosters (closed squares) ; 
to mixtures with serum drawn after vaccination with formolized virus (open tri- 
angles); and to mixtures containing serum after vaccination with live virus (closed 
circles). 


same pools, to give interpretable response in the hosts. The number of 
virus particles injected in 0.1 ml. of the test mixtures can be calculated 
from the data of table 2. 

It is notable that the median log latent period with which the level of 
infectivity of the control virus preparation was established varied in the 
individual experiments from 1.096 (expt. 324) to 1.135 (expt. 333), a dif- 
ference of 0.039 log days. On the basis of previous experience with the 
myeloblastosis virus (12), this interval falls within the limits of experi- 
mental variation of host response to the agent. Thus it may be concluded 
that the results permit comparison not only of the relative influence of the 
various serum samples within a given experiment but also of the neutraliz- 
ing action of the serums from one bird to another. 

In the various charts, lines drawn by sight through the points of the 
observed responses were not intended to emphasize any element of trend 
in influence by serum on virus. Instead, the purpose was only to mini- 
mize the difficulty in the comparison of individual points. 

With a single exception, normal serum, which was drawn before vacci- 
nation of the birds was begun, exerted no effect on the virus. The serum 
from bird 1, experiment 331, did cause considerable reduction of virus 
activity well beyond the influence of the prevaccination serums from the 
other birds. 

Antibody response of the chickens to formolized virus was character- 
ized (1) by large individual variation, and (2) by the relatively small 
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response to rather considerable doses of the inactivated agent. Indeed, 
it would be difficult to conclude that birds 10 and 1 showed more than a 
dubious response, if any. All the other serums exerted a definite neutral- 
izing activity of varying degree. 

The outstanding feature of the results was the relatively great antibody 
response to the active virus. Here, again, individual variation was 
wide, but the findings left no doubt that the chickens were far more 
responsive to the antigenic influence of the untreated virus than to that 
treated with formalin. Again, bird 1 exhibited exceptional response. 
Neither the serum obtained after treatment with formolized virus nor 
that taken after inoculation with active virus had any more neutralizing 
activity than the “normal” serum control. On the basis of the findings, 
it would appear that this chicken showed practically no response to the 
virus antigen in either state. 


Challenge With Erythroblastosis Virus of Birds Vaccinated With 
Formolized Myeloblastosis Virus 


For these experiments, White Leghorn chicks of line 15 were vaccinated 
with 2 doses each, consisting of 0.5 ml. of formolized virus concentrate 
from Pool A. Thus each bird received a total of 2.6 10" particles as 
determined by enzyme activity (see table 1). The vaccine had been 
prepared on April 18, 1957, and stored in the refrigerator for 25 days 


before the first inoculation (May 13, 1957) into a group of 60 chickens 
21 days old. The second dose of vaccine was given 7 days later, in the 
same way. A batch of 90 birds of the same hatch was set aside as controls. 
Challenge was made 14 days after the second vaccination, with 2 dilutions, 
10-* and 10~‘, of erythroblastosis virus, in 2 dose groups of 30 birds each 
from the 60 vaccinated, and in 3 dose groups of 30 chickens each from the 
90 controls (virus dilutions 10-*, 10-*, 10-5). The challenge dose of 
0.1-ml. virus was given intravenously. The results were analyzed by 
the latent-period procedures based on the interval between inoculation 
and death as used with the erythroblastosis virus (9). 

In this category only one experiment was made and, within the limits 
of the method of titration, the results, as seen in table 3, could not be 
construed to indicate that the vaccinated birds were any less sensitive to 
infection with erythroblastosis virus than the untreated chickens. Anal- 


TaBLe 3.—Response to erythroblastosis virus of 
untreated chickens and of chickens vaccinated with 
formolized myeloblastosis virus 





Median log latent 

Virus par- period—days 
Virus ticles/m1.* 
dilution (X 10) Untreated Vaccinated 


10-3 380 1. 026 1. 050 
10-4 38 1. 083 1. 083 
10-5 3. 8 1. 121 











*Number of virus particles determined by electron microscopy (11). 
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ysis of the data in table 3 showed a difference of only 0.011 log days 
between the latent-period responses of the untreated and vaccinated 
groups of birds (9). The lack of significance of this value is readily seen 
by inspection of the data in the table. 


DISCUSSION 


The principles revealed in the present work are clearly illustrated 
in text-figure 1. Here it is seen that, as in earlier experiments (3), 
highly active neutralizing antibodies were induced in the chicken through 
the sequence of vaccination with formolized myeloblastosis virus, followed 
by administration of the untreated infectious agent. The principal new 
information gained by this study is recognition of the apparently pro- 
nounced dependence of the final high levels of antibody titer on contact 
between the host and the active agent. 

A completely satisfactory explanation of the seemingly quantitatively 
different responses of the host to active and inactivated virus was not 
afforded by the experimental procedures applied. It might be supposed 
that the influence of the active agent was merely additive to that of the 
formolized material. This seems somewhat doubtful, however, since 
the amount of formolized virus used was more than tenfold that of the 
active agent given later. It was possible, also, that the antigenic capacity 
of the virus was damaged by the action of formalin and that a full anti- 
genic effect could be exerted only by the active agent. This is supported 
to some extent by the high antibody response of rabbits inoculated with 
concentrates of active myeloblastosis virus (3). 

In considering various interpretations, it is evident that the response of 
the host to the myeloblastosis virus, either active or formolized, is not 
different in principle from that seen with some of the other filterable 
agents. Itis a well-recognized phenomenon, as exemplified by the findings 
in swine influenza (13), that a relatively small antibody response to large 
doses of formolized virus may be greatly elevated after the inoculation 
of small doses of active virus. In swine influenza there was ample evi- 
dence to show that the active agent caused disease with which great 
enhancement of host response was associated. No evidence of disease 
was seen in the roosters that received active myeloblastosis virus, but 
the only criterion applied was examination of the circulating blood. 
There is a definite possibility that disease existed in a form that could 
have been detected only by examination of the blood-forming tissues. 
It is notable that chickens of the age used for immunization would not 
be expected to react quantitatively to active virus, with respect to in- 
fection, to the same extent as young birds, which are far more susceptible 
to the virus than older chickens (14). 

Of much interest is the observation that the findings in the present work 
appear to parallel those of Burmester in his studies on immunity in 
lymphomatosis (16). He found that the progeny of dams vaccinated 


VOL. 23, NO. 2, AUGUST 1959 





258 WALLBANK, BEARD, AND BEARD 


with active virus were more resistant to challenge with the homologous 
agent than the progeny that received formolized lymphomatosis virus, 
These differences in the immunologic effect of active and inactivated 
virus may have a bearing on the general problem of vaccination against 
infection with other viruses responsible for malignancy. 

Variation in the responses of different birds seemed broad in the small 
series studied. This observation would appear to be important at the 
moment in its bearing on the practical aspects of those studies of myelo- 
blastosis and, possibly, other forms of leukosis that are dependent on the 
induction of the antibody response. 

Little basis exists, at present, for the interpretation of results of the 
experiment on challenge of birds with erythroblastosis virus, which had 
been vaccinated with formolized myeloblastosis virus. Because of the 
rapid decrease, with increasing age, in the susceptibility of chickens to 
infection from myeloblastosis virus (14), it is impractical to vaccinate 
chickens with myeloblastosis virus vaccine and to challenge them sub- 
sequently with myeloblastosis virus. The completely negative results, 
despite the rather large dose of formolized virus, were somewhat unex- 
pected because of the demonstrable antigenic relationship between the 
two leukemia viruses (5). Some light is shed on the findings, however, 
by the evidence of small antibody response, and perhaps other immune 
responses to formolized virus, which was revealed in the foregoing 
experiments. 
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Glucose and Lactate Utilization by Myeloblasts 
and Erythroblasts of Avian Viral Leukemias |? 
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Medical Center, Durham, North Carolina 


SUMMARY 


Studies were made of the quantitative 
aspects of glucose utilization and evolu- 
tion of lactate in short-term tissue cul- 
tures of avian myeloblasts and erythro- 
blasts. The rate of glucose utilization 
by erythroblasts was somewhat greater 
on the basis of cell unit than that of 
myeloblasts. Metabolic activity of the 
erythroblasts resulted in a large accu- 
mulation of lactate in the culture fluid. 
In contrast, there was no such accumu- 
lation in the preparations of myelo- 
blasts exhibiting the capacity to utilize 
lactate, not only from the glucose taken 
up, but from large amounts of lactate 
in the medium. The phenomenon, 
under the experimental conditions, was 
independent of the relative concentra- 
tions of glucose and lactate in the 
medium. Control experiments showed 
that the activity of red blood cells did 
not contribute significantly to these 


results. The same principles of the 
behavior of myeloblasts and erythro- 
blasts were observed in studies on whole 
blood from chickens with the diseases. 
Investigation of the various systems by 
the Warburg technique yielded no 
evidence, through measurements of 
oxygen consumption and CO, evolution, 
of the difference between oxidative 
activities of myeloblasts and those of 
erythroblasts. Results have thus re- 
vealed profound differences between 
two types of blood cells infected with 
different, though related, strains of 
avian leukosis virus. In addition, the 
metabolic behavior of myeloblasts is at 
considerable variance from that of other 
malignant cells. The influence of the 
findings with myeloblasts on the con- 
cept that malignancy is induced by 
respiratory damage is discussed.—J. 
Nat. Cancer Inst. 23: 261-275, 1959. 


THE AVIAN leukemias, myeloblastosis (/, 2) and erythroblastosis (3, 4), 
are diseases of the chicken that exhibit the characteristics of malignancy. 
A manifestation of both is the occurrence in the circulation of primitive 


cells of either myeloid or erythroid origin. The circulating myeloblasts 
found in myeloblastosis may constitute half or more of the total blood 
volume, approximately 2 million cells per mm*. In erythroblastosis, the 
corresponding primitive cells occur in smaller numbers, reaching levels 
as high as about 500,000 per mm*. By appropriate centrifugation, either 

1 Received for publication January 19, 1959. 

? This work was aided by grants to Duke University from the National Cancer Institute, National Institutes of 
Health, Public Health Service; by a graut from the American Cancer Society, Inc.; and by the Dorothy Beard 


Research Fund, 
3 Reported in part at the 4th International Congress of Biochemistry at Vienna, September 1 to 6, 1958. 


261 
510871—_59——3 





262 BECKER, BEAUDREAU, AND BEARD 


type of cell can be obtained in essentially pure suspensions. Opportuni- 
ties afforded by these phenomena have been exploited by the use of such 
suspensions for tissue culture and other studies of the cell properties. 

Among other aspects of the behavior of the primitive cells in tissue 
culture (5-7), it has been observed that, whereas the erythroblasts release 
a nonvolatile acid into the culture fluid, the myeloblasts have produced 
predominantly volatile acid as the end product of metabolism. Prelimi- 
nary studies concerned with this phenomenon have revealed a clearly 
distinguishing difference between myeloblasts and erythroblasts in the 
glycolytic-respiratory ratio. These studies with suspensions of the primi- 
tive cells, with whole blood, and with red cells in vitro have shown that: 
(1) A large proportion of the acid end product of carbohydrate metabo- 
lism of erythroblasts is lactic acid; (2) in contrast, the principal end 
product with myeloblasts is carbon dioxide; and, finally, (3) myeloblasts 
utilize lactate even in the presence of glucose. 


MATERIALS AND METHODS 


The diseases.—The material for the studies on myeloblastosis was de- 
rived from chickens diseased with the BAI strain A of the virus under 
study in this laboratory since 1949 (8). This agent has behaved as a 


pure strain of virus, giving rise in young birds only to myeloid manifesta- 
tions as indicated by the occurrence of myeloblasts in the circulating blood, 
and exhibiting the property to dephosphorylate adenosine triphosphate 
(9,10). Although other forms of leukosis may occur in some chickens not 
dying of myeloblastosis, the virus has behaved in a uniform way and has 
given no evidence of inducing erythroblastosis. This is the more certain, 
since erythroblastosis is easily detected under experimental conditions in 
which the examination of blood smears at daily or other frequent intervals 
is aroutine procedure. For the experiments described here, myeloblastosis 
was transmitted by intravenous inoculation of 0.1-ml. volumes of filtered 
plasma or suitable dilutions of plasma in 10-day-old chicks of the inbred 
White Leghorns of line 15 (11) developed at the Regional Poultry Research 
Laboratory, East Lansing, Michigan. 

Erythroblastosis was induced with virus isolated and designated as 
strain R by Engelbreth-Holm (4, 12). It was obtained in 1955 from 
Dr. Astrid Fagraeus, of the State Biological Laboratory, Stockholm. 
The disease, as described earlier (4), has behaved in a uniform manner 
with respect to host response and to the pathologic characteristics of the 
circulating blood. It cannot be said with certainty that the myeloid 
tissue of the chick, for example, in the bone marrow and spleen, was 
entirely undisturbed and that some myeloblasts did not reach the cir- 
culation. However, it seems justifiable to assume that the two diseases 
and the associated neoplastic cells were completely different entities, 
because of the findings in the blood: i.e., the absence of adenosinetri- 
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phosphatase activity either by the plasma or by concentrates of erythro- 
blastosis virus, as described in another publication (13); the vast difference 
between erythroblasts (7) and myeloblasts (5, 6) in tissue culture, as seen 
microscopically and with the electron microscope; the failure of erythro- 
blasts to liberate adenosinetriphosphatase and to persist in cultures as 
do the myeloblasts (7). As in myeloblastosis, erthyroblastosis was trans- 
mitted in White Leghorn chickens of line 15, but birds of 14 days to 
3 months of age were used as cell donors. Suitable dilutions of filtered 
plasma were inoculated intravenously in 0.1-ml. volumes, and blood 
smears were examined routinely as usual. 

Myeloblasts for the experiments were obtained from chickens with the 
disease at the stage at which the number of circulating primitive cells 
was at a high level. Blood was drawn by heart puncture into heparin, 
centrifuged (14), and the myeloblasts in the upper layer were pipetted 
off and washed (5) through 3 centrifugations with Gey’s salt solution (14). 
In this manner practically all the red cells could be eliminated. The 
cells were then suspended as for routine tissue culture in chicken serum, 
drawn in the laboratory from line 15 White Leghorns (4), in concentra- 
tions of 5 or 20 percent in Gey’s salt solution, to which glucose had been 
added. Such suspensions containing 4 to 5 X 10’ cells per ml. were 
placed in 5.0-ml. volumes in 50-ml. Erlenmeyer flasks under rubber 
stoppers and incubated at 37° C. on a Gyrotory shaker (4). 

Erythroblasts were obtained by the same procedures and treated exactly 
as were the myeloblasts. The incubated suspensions contained 2.2 to 
4 X 10’ primitive cells per ml. It is noteworthy that, because of the 
relatively small number of erythroblasts, some or many red blood cells 
were carried into the culture flasks, as indicated in the individual experi- 
ments. That the presence of these red cells did not contribute to the 
significance of the results was shown by data obtained with suspensions 
of red blood cells from birds with erythroblastosis. 

Whole blood was drawn as before into heparin. The studies in vitro 
were made on 5.0-ml. volumes of whole blood incubated with equal vol- 
umes of Gey’s saline solution containing 0.2 percent added glucose. 
These volumes of blood from chickens with myeloblastosis and erythro- 
blastosis were incubated under the same conditions as were suspensions 
of the respective primitive cells. 

Red blood cells from chickens with erythroblastosis were obtained by 
pipetting the deepest portion of the red cell layer after centrifugation of 
whole blood in the usual way. 

Glucose was determined by the colorimetric procedure with glucose 
oxidase (16) (Glucostat, Worthington Biochemical Corporation, Freeland, 
N.J.). With this technique, the determinations were carried out with 
5- to 20-A volumes of the various samples directly in 10 X 75-mm. Coleman 
spectrophotometer tubes. Lactic acid was determined by the method of 
Barker and Summerson (17). Blood cell counts were made with a hema- 
cytometer, with the use of trypan blue to distinguish “‘nonviable”’ cells. 
Adenosinetriphosphatase activity was measured as before (18) with 50-A 
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volumes of culture fluid or other material, with the technique described 
earlier. 

Oxygen uptake and carbon dioxide evolution by washed cell suspensions 
were measured by the “direct method” of Warburg (19). 

The dry weight determinations for the calculations were made by 
suspending a packed volume of primitive cells in an equal volume of Gey’s 
saline solution. Aliquots of 0.6 ml. were parceled in small glass vials 
and centrifuged to remove the suspending medium. The packed cells were 
then dried at 105° C. for 1 hour. Quadruplicate cell counts were made on 
diluted cell suspensions. 


EXPERIMENTS AND RESULTS 


Glucose and Lactate Utilization by Myeloblasts 


The conditions of the experiments and the data obtained are indicated 
in table 1 and summarized in table 2, in both of which each value represents 
the average with duplicate cultures. A series of 14 studies was made in 5 
categories with respect to the composition of culture medium. This con- 
sisted of normal chicken serum in either 5 or 20 percent concentration 
with added glucose or added lactate. In 3 of the groups the added glucose 
was 0.1 or 0.5 percent. These conditions were selected on the basis of 
earlier findings (5), which showed that myeloblasts could be maintained 
for a considerable time in 20 percent serum containing 0.1 percent added 
glucose. In the presence of only 5 percent serum, cell activity, as indi- 
cated by virus liberation, diminished rapidly but was considerable for 
longer intervals than the present study period of 48 hours. In 2 groups 
of cultures in 20 percent serum, lactate, but no glucose, was added. It is 
notable that in all experiments, except those involving lactate, the amount 
of glucose present was approximately equal to or in excess of that which 
could be utilized by the cells. 

The outstanding feature of the findings is illustrated by the values 
cited in the last column of table 1 and also in table 2. Here it is seen 
that, in every study except one, the lactate concentration of the culture 
fluid decreased greatly during the study period. In the single exception, 
experiment 6157, one culture of the pair exhibited decrease in lactate 
content, and the second an increase. These results indicated clearly 
that, under the conditions throughout the experiments, exogenous lactate, 
in addition to that evolving directly through the metabolic processes of 
the cells, was utilized by the myeloblasts. Such utilization was large in 
the presence of excess glucose in 20 percent serum (expt. 9657, birds 
B960, B990, and B848) but was greatest in the cultures containing 0.5 and 
0.25 percent added lactate and no added glucose. It is notable that the 
cells of 2 birds, B990 and B848, were employed in 3 sets of the studies. 

Of special interest were the results with added lactate. In all the 
flasks, the utilization of glucose was essentially complete but much less 
than the capacity of the cells to use the carbohydrate in the presence of 
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TABLE 2.—Summary of changes in 48 hours in glucose and lactate 
concentrations in suspensions of myeloblasts and 
erythroblasts (data of tables 1 and 4) 





Medium* (percent) Glucose Lactate 
Number of : (umole/10! (umole/10 
expts. Cs Gl La cells) cells) 








M om yan 


3 
4 
2 


— 890 —313 
— 850 — 67 
— 988 — 53 
0.5 — 465 — 235 
0. 25 — 400 — 660 


2 
sahara 


— 1560 +1100 
—1515 +1278 
— 1340 +626 
0.5 — 588 +1203 
0. 25 +348 





* CS = chicken serum; Gl = glucose; La = lactate. 


adequate concentrations of glucose. Under these conditions of practical 
absence of glucose, the cells were able to utilize lactate in quantity essen- 
tially equal to that used in the presence of glucose. 


Red Blood Cells From Birds With Erythroblastosis 


In the preceding experiments with myeloblasts, the primitive cells 
could be obtained in practically pure suspension. This was not true with 
erythroblasts, preparations of which always contained some or many red 
cells. It seemed desirable, while undertaking studies on erythroblasts 
analogous to those with myeloblasts, to determine changes in glucose and 
lactate in suspensions of red cells from birds with erythroblastosis. Stud- 
ies of this sort were made with red cells from eight chickens, which pro- 
vided also the erythroblasts employed for the investigations described in 
the next section. 

The results with these red cells are summarized in table 3 which reveals 
the changes in the glucose and lactate in the medium in terms of unit 
number of cells. With the medium containing 0.5 percent glucose, the 
results were fairly uniform, but great variation was seen when only 0.1 
percent glucose was added. It is notable that the variations paralleled 
both glucose and lactate. The basis for the variation is not definitely 
recognizable, but it is possible that it was at least in part a function of 
the state of the disease in the different chickens. On the other hand, 
most variation was seen when glucose was used in low concentration 
(0.1%) in the presence of low concentration of serum. This relationship 
was evident throughout the experiments with all types of cells. 

The most meaningful finding, however, was the evidence that the 
activity of the red cells was too low to contribute significantly to the 
results of the studies on erythroblasts. The corrections of the data 
obtained with erythroblasts (see table 4) made no significant change in 
the principle of the findings. 
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TABLE 3.—Changes in glucose and lactate concentra- 
tions in suspensions of red blood cells from 
chickens with erythroblastosis 





Change 
(umole/10*° cells/48 hr.) 


Glucose Lactate 


Glucose 
(percent) 








0. 5 —250 
s — 222 
“cc — 28 
. —83 


0.1 —95 
“ — 425 
“ —55 
" +7 


— 146 


+122 
+212 
+100 
+105 


+175 
+ 560 
+120 

2 a i 


+175 





Glucose and Lactate Changes in Preparations of Erythroblasts 


The experiments with erythroblasts were made under conditions closely 
similar to those used for myeloblasts. The data are given in table 4 and 
summarized in table 2. In each experiment counts were made of both 
red cells and erythroblasts, and estimates of change in glucose and lactate 
concentration were converted to the basis of the unit 10" cells. Correc- 
tions were made for red-cell metabolism. For the two groups of cells 
in 5 percent serum (0.5 and 0.1% glucose), the factors were taken 
directly from the results with the red cells of the same birds (table 3). 
All other values were corrected with the factors —146 and +175, which 
were the means for glucose and lactate as given in table 3. The pro- 
priety of the procedure may be open to question, but it is evident that 
the principle of the results would not be altered whether these or no 
corrections were used. 

Erythroblasts, in contrast to myeloblasts, showed lactate accumulation 
in the culture fluid in all but two instances. In the presence of 0.5 per- 
cent glucose the concentration of lactate was uniformly high. As in the 
experiments with myeloblasts, variation was great with erythroblasts in 
the presence of 0.1 percent glucose and 5 percent serum. Variation was 
seen also when lactate, but no glucose, was added to the medium. 


Whole Blood From Birds With Myeloblastosis and Erythroblastosis 


Another demonstration of the difference between myeloblastosis and 
erythroblastosis was effected by study of whole blood from normal and 
diseased birds. The experiments, in which the cells were not washed or 
centrifuged, were arranged as described under the section on methods. 
Hematocrit determinations were made on each heparinized blood sample, 
with Wintrobe tubes spun 30 minutes at 2,250 X g. The normal blood 
samples showed the usual buffy coat; the values for the primitive cells 
in the myeloblastosis blood samples were 45, 45, 29, and 7.2, respectively; 
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those for the erythroblasts in the erythroblastosis blood were 2, 2.5, 4.1, 
4,and 4. Blood-sugar determinations on the plasmas of these birds gave 
values, cited in the order of the hematocrit values, of 39, 115, 137, and 
208 mg. percent for myeloblastosis, and 86, 144, 166, 79, and 39 for 
erythroblastosis. The results of measurements of changes in glucose and 
lactate concentration are shown in table 5 and by the graphs of text- 
figure 1. All the experiments were carried through a period of 6 hours 
with determinations at 2-hour intervals, and in each instance, the value 
cited is the mean of duplicate flasks. The mean values obtained with 
each group of birds are given in table 5. 


TABLE 5.—Changes in glucose and lactate during 
aerobic incubation of preparations of whole 
blood from normal chickens and from chickens 
with myeloblastosis or erythroblastosis 





Glucose Lactate 
Number of Time (u mole/ (u mole/ 
birds (hours) ml.) 





Normal 
4 —1. 00 
. 39 
; 


. 67 
. 06 
. 94 


. 67 
. 44 
. 78 


Myeloblastosis 
4 


Erythroblastosis 
5 


OrnDN AHN Aww 








Lactate 
Glucose 


CHANGE IN CONCENTRATION 
' 
@ 
j 


GLUCOSE AND LACTATE -wM/mi. 
' 
b 
4 


BA 
" 
h 


pA 
o 
n 


NORMAL MYELOBLASTOSIS ERYTHROBLASTOSIS 











6 0 2 4 € 5 2 4 6 
INCUBATION OF WHOLE BLOOD-HOURS 


TEXT-FIGURE 1.—Progressive changes in glucose and lactate concentrations in incu- 
bated suspensions of whole blood from normal chickens and chickens with mye- 
loblastosis and erythroblastosis. 
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The results of the studies on whole blood were as decisive as those with 
suspensions of myeloblasts and erythroblasts. With normal blood there 
was little change in either glucose or lactate during the experiments, but 
what did occur uniformly was a decrease in glucose and an increase in 
lactate. Blood from birds with erythroblastosis revealed an accumula- 
tion of lactate in association with glucose utilization, but to much higher 
levels than those seen with normal blood. In contrast, the myeloblastosis 
blood showed an over-all diminution of both lactate and glucose concentra- 
tions as observed with the preparations of washed primitive cells. It is 
notable that, in the initial 2-hour period, lactate accumulated in the sus- 
pensions of myeloblastosis blood. Another phenomenon was the decline 
in the rate of glucose utilization during the experimental period. The 
basis for early lactate accumulation and the change in the rate of glucose 
utilization in the presence of myeloblastosis blood are discussed in a 
later section. 


Oxygen Consumption and Respiration of Myeloblasts and 
Erythroblasts 


In view of the distinctive activities of the two types of primitive cells 
in lactate metabolism, it was of interest to investigate their behavior with 
respect to oxygen uptake and CO, evolution. For this purpose myelo- 
blasts and erythroblasts were collected as before, washed twice with 
Gey’s salt solution without glucose, and once with the saline solution con- 
taining 5 percent serum and no added glucose. After the last washing, 
aliquots of the resuspended cells were made up to contain 0.1 ml. of 
packed cells per 2.0-ml. volume. Of each cell suspension, two sets of 
preparations were made in triplicate, one group containing cells in a me- 
dium of Gey’s saline that had 5 percent serum with 0.1 percent glucose, 
and the other the same without glucose. After transfer of the prepara- 
tions in 2.0-ml. volumes to the Warburg vessels and a preincubation period 
of 5 minutes, measurements were made at 15-minute intervals over a 
period of 1 hour. The results are given in table 6 in which each value is 
the mean of the data in triplicate. 


TaBLe 6.—Respiratory activity of myeloblasts and erythroblasts 





O2 con- CO, lib- 

Cells per flask sump- eration 
tion (pl./ (ul./ 
Number Mg.dry flask/ flask/ 
Cell Substrate (X 10°) wt. hour) Qe: hour) 


Erythroblasts Glucose 28. 2 18.3 201 + #11.0 171 
” No glucose 24.8 16. 1 189 11.7 167 

- Glucose 20. 4 13. 2 193 146 169 

“ No glucose 19. 4 12. 6 197 15.6 170 
Myeloblasts Glucose 23. 1 12. 6 189 15.0 156 
34 No glucose 25. 0 13. 7 208 15.2 168 

" Glucose 21. 2 11. 6 150 129 143 

" No glucose 19.9 10. 9 155 143 160 

- Glucose 26. 0 14.2 169 11.9 160 

” No glucose 18.4 10. 0 203 «20.3 208 
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The results indicated that oxygen utilization was essentially the same 
for both types of cells and was affected little, if any, by the presence or 
absence of glucose. Analogous results were observed with respect to the 
evolution of CO,. The values of RQ gave no evidence of a significant 
difference between the activities of the two types of cells. 


DISCUSSION 


Certain characteristics of the cell preparations examined are of signif- 
icance for interpretation of the data. As already mentioned, the suspen- 
sions of myeloblasts were essentially homogeneous in cell type, and con- 
tained negligible numbers of red cells and the usual circulating white 
blood cells. Studies of such cells in tissue culture (5, 6) show that the 
physiologic state of the cell is not damaged to the point of interference 
with the metabolic processes compatible with rapid multiplication and 
the well-being of the cell. In contrast, although the preparations of 
erythroblasts were usually made up predominantly of primitive cells, some 
contained relatively large numbers of red cells. Erythroblasts differ 
greatly from myeloblasts in their inability to survive long periods of 
culture in vitro (7). It has been observed, however, that morphologically, 
as seen with the light and electron microscopes, the erythroblasts can be 
maintained in good condition for periods much longer than the 6 or 48 
hours of study in the present work. Other evidence of lack of adverse 
conditions of the study was the observation that virus accumulated in 
culture medium for intervals of more than 48 hours. The presence of 
many red blood cells in some preparations of erythroblasts does not con- 
fuse the interpretations related to the primitive cells, since it could be 
shown directly by study of both red cells and whole blood that the 
contribution of the red cells was negligible. Thus, it can be judged that 
the findings described are characteristic of the respective cell types. 

Within the scope of the experiments, no difference between the metabolic 
activities of the myeloblasts and erythroblasts was revealed by the War- 
burg measurements. The average Qo, values were essentially identical 
in the presence of glucose; namely, 13.3 and 12.8 for myeloblasts and 
erythroblasts, respectively. Likewise, little difference was seen between 
the respective average RQ values, which were 0.91 and 0.86. In contrast 
with these findings were the results obtained in the direct measurement 
of glucose and lactate concentrations in the suspending medium. As 
can be seen in table 2, glucose utilization by the erythroblasts exceeded 
that of the myeloblasts. It was evident, however, that, whereas the 
metabolic activity of the erythroblasts resulted in the accumulation of 
lactate, the myeloblasts were capable of converting to CO, the equivalent 
of all glucose taken up, plus an extra amount of lactate taken up from 
the medium. 

The accumulation of lactate in the early period of study of myeloblas- 
tosis blood, as illustrated in table 5 and text-figure 1, may be interpreted 
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as a reflection of the response of primitive cells to change in the nutritive 
status of their environment. Other studies (20) have shown that blood 
glucose of normal chicks of the age used is about 234 + 34 mg. percent. 
In the late stages of myeloblastosis (as well as erythroblastosis), which 
are associated with high concentrations of circulating primitive cells, the 
concentration of blood sugar declines to low levels, usually in proportion 
to the concentration of circulating primitive cells. At the same time there 
occurs parallel increase in lactate concentration, as well as derangements 
in the ionic content of the blood (21) and possibly other changes in blood 
plasma. It would thus appear, as discussed elsewhere (22), that the cells 
in the circulation are malnourished. Their behavior in the early period 
of the present studies can be attributed, at least in part, to rapid restora- 
tion of intracellular glucose and ionic balance, during which lactate 
formation of the cell in the depressed metabolic state exceeds the rate of 
lactate utilization. With recovery from the effect of the adverse conditions 
in the bird, the cell in the preparations in vitro regains its intrinsic potenti- 
alities for utilization of lactate. Thus, the processes for the initial period 
in the preparations in vitro constitute a temporary continuation of those 
occurring in the diseased bird. This results in rapid initial uptake of 
glucose with a decreasing rate associated with both saturation of the 
glucose needs of the undernourished cells and a swift decline in the glucose 
concentration in the preparation during the experiments. Other phe- 
nomena associated with this change of the cells, from the deficient medium 
of the blood plasma to the more adequate conditions of tissue culture, 
have been observed (22) in the differences in circulating and tissue-culture 
cells, as revealed in the electron micrographic study of ultrathin sections. 

Myeloblasts and erythroblasts manifest the characteristics of malignant 
cells. They permeate the tissues and fluids of the hosts diseased with 
the respective viruses, multiply in locations apart from the sites of initial 
origin, and cause the death of the host. For comparison with the results 
of the studies on these leukemia cells, there are available the findings of 
extensive analogous investigations (23) of other virus-induced malig- 
nancies of the chicken. The findings with erythroblasts were closely in 
accord with those seen with the other chicken tumors and, indeed, with 
malignancies of the mammal as well (24). The activity of the myeloblast 
did not conform to this pattern and, in consequence, the findings may have 
implications beyond the sphere of the avian leukemias. There are investi- 
gators (25) who have regarded cancer cells as deficient in the mechanisms 
for glucose oxidation in comparison with analogous processes of normal 
cells. The results of studies in this field have been interpreted to indicate 
that the assumption of the malignant state is brought about by supposed 
damage to the respiratory mechanism of the cell. The behavior of the 
myeloblast reveals no evidence of damage to the respiratory mechanisms 
but, instead, indicates that the cell is thoroughly competent to utilize 
lactate at a rate considerably greater than that of cellular lactate forma- 
tion. In this respect, then, the myeloblast constitutes an entity unique 
to the category of malignant cells. 
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The significance of the myeloblast studies on the whole problem of the 
respiratory characteristics of malignant cells cannot be evaluated at the 
moment. Arising from virus-infected hematopoietic tissue, the cell itself 
is parasitized by the agent, and the virus-host cell relationship is retained 
apparently for the life of the cell. Under proper conditions the cells 
multiply rapidly in tissue culture and elaborate the virus at a high rate (6). 
A property of the agent is the capacity of the virus particles to dephos- 
phorylate adenosine triphosphate. It might well be supposed that the 
metabolic activities of the cells might be grossly affected by interference 
through the influence of the processes associated with synthesis of the 
agent. ‘This seems the more interesting, inasmuch as there is some in- 
dication that these processes may involve the mitochondria (22). It is 
characteristic that, although virus is liberated rapidly from myeloblasts 
in culture, recognizable particles are exceedingly rare in the circulating 
cell, and very few are seen in the individual cells in culture (22). 


It seems doubtful that the behavior of the myeloblast is due directly 
to the specific effect of virus activity, per se. Erythroblasts in the cir- 
culation contain much virus and so, too, do those in culture. There is 
also evidence (26) of mitochondrial involvement by virus. Furthermore, 
the agent of erythroblastosis is closely related immunologically (8) to the 
virus of myeloblastosis, although this agent exhibits no evidence of 
ATPase activity (13). No information is available about the properties 
of the normal myeloblast, since it would be difficult to collect enough of 
these cells for control studies. In the absence of critical information, 
further speculation about the influence of virus infection on the unusual 
behavior of the myeloblasts seems futile. For the present it can only be 
concluded that the virus-infected myeloblast of malignant characteristics 
differs in its metabolic potentialities from the erythroblast and from other 
malignant cells. Whether this activity is related to a specific interven- 
tion of the virus in the metabolic processes of the cell or to cell character- 
istics associated with the malignant state induced initially by the agent 
is not known at the moment. 

Despite what may be learned in further work, however, it is already 
plain that, whatever the state of the myeloblast with respect to malignancy 
or aberration from the normal, damage to the respiratory mechanism was 
neither a contributing factor nor a result of the development of the state. 
In relation to the general problem of the fundamental basis for the in- 
duction of malignancy, there is no experimental reason to regard the 
unique behavior of the myeloblast as a suitable criterion for biologic 
differentiation of this entity from others in the category of typical neo- 
plastic cells. 
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SUMMARY 


Under experimental conditions condu- 
cive to full expression of their patho- 
genic properties, two “pure” strains of 
avian leukosis were studied. Six experi- 
ments involving 3,178 chickens were 
performed. Cell-free preparations of 
erythroblastosis strain R (Beard) caused 
visceral lymphomatosis in a high per- 
centage of birds that survived the ery- 
throblastosis. Similar cell-free prep- 
arations of the myeloblastosis strain 
A (Beard) caused myeloblastosis, vis- 
ceral lymphomatosis, renal adenocar- 
cinomas, and osteopetrosis. All com- 
binations except myeloblastosis-visceral 
lymphomatosis were observed. Infec- 
tious levels were found in the oral 
washings and extracts of droppings 


(fecal-urinary) from chickens that 
showed signs of leukosis after intra- 
venous inoculation of plasma from 
chickens with leukosis strain R and 
from others with leukosis strain A. 
Virus was also found in similar collec- 
tions from noninoculated chickens that 
showed no evidence of disease, and were 
reared in contact with others inoculated 
with strain R. The virus of leukosis 
strain R and strain A was transmitted 
by bird-to-bird contact; the former 
produced erythroblastosis and visceral 
lymphomatosis, and the latter, visceral 
lymphomatosis, osteopetrosis, and 
renal adenocarcinomas in noninocul- 
ated pen mates.—J. Nat. Cancer Inst. 
23: 277-291, 1959. 


THE CONCEPT that some strains of avian leukosis are simple, while 
others are complex, has long been proposed. Such a classification was 
based on the type of disease response obtained, 7.e., when only one type 
of neoplasm was consistently obtained, it was classified as simple and 


assumed to be a pure strain. When a leukosis strain caused more than 
one type of neoplasm, the interpretation was more difficult. Such a 
disease response could be due either to a mixture of similar although 
distinctly different specific viruses, or to a single multipotent or complex 
virus. When extensive efforts resulted in failure to separate simple 
substrains, the strain was classified as complex (/-3). Such negative 
results, however, could have been due to the inadequacy of the methods 
employed. ‘Tissue-culture cloning methods for virus propagation appear 
to have demonstrated that complex strains, which cause a great variety 

' Received for publication January 22, 1959. 

4 The authors gratefully acknowledge the cooperation of Dr. J. W. Beard in supplying the plasmas. 

277 
510871—59-——-4 





278 BURMESTER, WALTER, GROSS, AND FONTES 


of neoplasms in the mouse and presumably are due to a single multi- 
potent virus, do, in fact, exist (4). The successful use of similar methods 
in the study of the avian leukosis strains would clarify many important 
questions concerning their nature. 

Many different strains that cause more than one neoplasm have been 
described. Since neither adequate nor uniform methods were used in this 
assessment, no attempt is made here to classify them with respect to 
whether the investigator considered them to be a mixture of several 
distinct viruses or a single multipotent complex virus. The following are 
a few examples: erythroblastosis-granuloblastosis (3—7) ; erythroblastosis- 
sarcoma (3, 8-10); erythroblastosis-sarcoma-carcinoma (11); erythro- 
blastosis-sarcoma-reticuloendotheliosis (12) ; erythroblastosis-visceral lym- 
phomatosis-osteopetrosis (13, 14) ; erythroblastosis-granuloblastosis-neural 
and visceral lymphomatosis (16, 16); visceral lymphomatosis-myelocyto- 
matosis-endothelioma (2); visceral lymphomatosis-osteochondrosarcoma 
(1). Factors considered important in affecting the variation in the type 
of neoplasms, particularly the occurrence of sarcomas, are: 1) route of 
inoculation (1, 3, 17); 2) age of host at the time of inoculation (11); and 3) 
type of inoculum used (1/8). 

Several strains of leukosis have been reported to cause only one type of 
neoplasm, hence they are considered pure (3, 19-22). The most notable 
of these are two strains which have been under extensive study during the 
past decade by Dr. J. W. Beard and coworkers (see reviews, 23-26, and 
others). 

The first strain was obtained from Johnson (16) and had been derived 
from a naturally occurring case of neurolymphomatosis by Hall et al. (7), 
who identified it as the BAI strain A that caused either erythroblastosis 
or myeloblastosis or a combination of the two. Thus, Eckert et al. (27) 
referred to it as an erythromyeloblastosis strain; however, under the 
conditions of experimentation at Duke University, a neoplastic prolifera- 
tion of only the granuloblast was observed, and this has been a constant 
type of response throughout the extended period of investigations (23, 
28, 29). 

The second strain studied was strain R of Engelbreth-Holm (30). 
Cell-free preparations of this leukosis strain have consistently caused a 
rapidly progressing erythroblastosis, and only rarely have other neoplasms 
been observed. Others (3) have described the occasional occurrence of 
fibrosarcomas in chickens inoculated by intramuscular or subcutaneous 
routes. Beard and Beard (31) have reported that the pattern of response 
with appearance of only erythroblastosis has not changed since the initial 
experiments. It would thus appear that cell-free preparations of both 
the myeloblastosis and the erythroblastosis strains have each produced a 
constant and uniform response during the entire period of their use in 
research at Duke University. The experimental conditions and the host 
also have been quite uniform. Except for the first series of experiments 
with the myeloblastosis strain (27, 28) and in those experiments in which 
the host was the variable factor, the White Leghorns of inbred line 15, 
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developed at the Regional Poultry Research Laboratory for their sus- 
ceptibility to lymphomatosis, were consistently used. The response 
period, 7.e., the observation period after inoculation, was also quite 
constant and limited. For the erythroblastosis strain R the response 
period appeared to have been never more than 4 weeks and for the myelo- 
blastosis strain A it was usually 4 weeks and never more than 10 weeks 
(23, 32). 

The length of the experimental period is very important in assessing 
the neoplastic potential of any strain of avian leukosis, since the various 
forms of lymphomatosis appear to have an extended and inconstant 
incubation period. This has been repeatedly demonstrated for visceral 
lymphomatosis (14, 33-35). Other neoplasms, especially those occurring 
for the first time in any series, usually require a long incubation period. 

Since all strains of virus that caused leukosis, thus far studied at the 
Regional Poultry Research Laboratory, induced more than one type of 
neoplasm when filtered inoculums were used, it was of particular interest 
to examine strains that had been recognized by others as pure, 7.e., those 
strains that induced only a single type of neoplasm. The two leukosis 
strains (R and A) maintained and studied at Duke University seemed to be 
exceedingly appropriate for this investigation. 

In order to provide conditions conducive to the full expression of the 
potentialities of the virus or viruses of the avian leukoses strains, the 
following conditions appear to be important: The host chickens should 
be not only highly susceptible genetically but also without maternal 
antibodies, and should be exposed at an age of optimum susceptibility; 
the dose of virus must allow for a reasonable number of birds to survive 
the disease(s) which occurs early, and yet be large enough to give some ex- 
pectancy of positive transmission; the experimental period must be of a 
duration to permit the development of all possible neoplasms. 

The responses obtained in chickens of a series of 6 experiments conducted 
under the foregoing conditions, and inoculated with cell-free preparations 
of the myeloblastosis strain A or the erythroblastosis strain R, are herein 
described. 


MATERIALS AND METHODS 


Inoculum: (a) Erythroblastosis strain R.—Three tubes of heparinized 
plasma were received on February 14, 1957, from Dr. J. W. Beard. This 
was part of a plasma pool “P” that had been collected February 13, 1957, 
from chickens with erythroblastosis. After appropriate dilutions were 
made, one tube was used for the inoculation of chickens in experiment 1 on 
June 26, 1957, and a second tube was used in experiment 3 on September 
18, 1957. All dilutions were made just prior to inoculation with Simms’ 
salt solution (36) containing 1.5 percent crystalline bovine albumin.’ 

Oral washings and fecal-urinary droppings were collected from chickens 
that had been inoculated 12 days previously with 0.2 ml. of a 1:200 dilu- 


3 The Armour Laboratories, Chicago, Ill. 
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tion of plasma from the erythroblastosis plasma pool “P.”” The selection 
of the donors for the collection of oral washings and droppings was based 
on the presence of a large number of erythroblasts in the circulating blood. 

The oral washings were obtained by directing a stream of Simms’ salt- 
albumin solution into the oral cavity of the selected chicken, with the 
aid of a curved-tip bulb syringe. The washings were collected in a 
100-ml. pyrex beaker as they drained from the mouth. Sixteen ml. of 
solution was used for each chicken, and the same solution was used for 
two subsequent washings made at 1-hour intervals. The washings were 
frozen in shell vials and stored in a dry-ice box until about 2 hours before 
the inoculation, when they were thawed and centrifuged for 20 minutes 
at a relative centrifugal force (ref) of 1500. The supernatant was carefully 
syphoned into a bottle containing sufficient penicillin G and dihydro- 
streptomycin to make a final concentration of 5000 units and 10 mg. per 
ml., respectively. 

Three to 4 gm. of droppings was collected from each of the donors that 
supplied the oral washings. The droppings were mixed with equal volumes 
of Simms’ salt solution, transferred to pyrex test tubes, sealed, frozen, 
and stored in a dry-ice box. The inoculums were prepared by triturating 
the suspension in a mortar and pestle and then adding sufficient additional 
Simms’ salt solution to make a final dilution of 1:5. One-half gm. of 
Celite 512 * was mixed with about 15 ml. of the suspension of droppings 
and then filtered through a “fine” grade fritted-glass filter. Antibiotics 
were added to the filtrates in amounts necessary to give concentrations 
equal to those for the oral washings. 

Oral washings were also collected from noninoculated chickens of the 
same hatch which were reared in the same brooder unit, and thus were in 
direct contact with the inoculated chickens. These contact chickens 
showed no evidence of erythroblastosis during a period of 1 month follow- 
ing the inoculation of pen mates. 

(b) Myeloblastosis strain A.—Three tubes of heparinized plasma were 
obtained from Dr. J. W. Beard on October 15, 1955. This plasma had 
been collected from chicken D696 previously inoculated with myeloblas- 
tosis strain A. One tube was used for inoculating line 15I chickens to 
obtain additional amounts of highly infectious plasma. Donors were 
selected on the basis of a high adenosinetriphosphatase activity and the 
plasma was collected and processed as previously described (37). 

This plasma, produced at this Laboratory, was stored in a dry-ice box 
until used in experiment 2 on July 10, 1957, and also for a part of experi- 
ment 4 on September 23, 1957. A part of the plasma of D696 obtained 
directly from Dr. Beard was also used in experiment 4. 

Oral washings and extracts of droppings were also prepared from ma- 
terials collected from birds that had high plasma adenosinetriphosphatase 
activities, subsequent to inoculation with plasma of chicken D696. The 
methods were the same as those described previously. 

Recipients.—The chickens were of an inbred line of single-comb White 
Leghorns selected at this Laboratory (line 151) for susceptibility to 

* Johns-Mansville Products Corp. 
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lymphomatosis, and were maintained in isolation for the preceding 17 
years to reduce the extent of natural infection. 

The chickens were inoculated intravenously (cubital vein) with 0.2 ml. 
of virus preparation at the age of 5 days, in experiment 4, at 9 days, 
in experiments 5 and 6, and at 14 days, in experiments 1, 2, and 3. The 
chickens of each lot were banded when inoculated and were reared in 
special cubicles until about 11 weeks of age, when they were moved to 
pens. The care of the chickens and the maintenance of the cubicles and 
pens were similar to those previously described (38). 

Noninoculated chickens were reared in direct contact with inoculated 
chickens of the sam2 hatch during the entire period of the experiment. 
Other groups of the same hatch, designated as controls, were reared in 
different cubicles; however, these cubicles were adjacent to and in the 
same room as those with inoculated chickens. Thus, the physical con- 
ditions allowed an interchange of air between cubicles with controls and 
those with inoculated chickens. Furthermore, at about 11 weeks of age, 
when the chickens were moved to large pens, those from many different 
cubicles, which included the controls, were allowed to mix. 

Post-mortem examinations were made on all chickens and the diagnoses 
in most instances were based only on gross findings. Microscopic studies 
were made of appropriate tissues, such as the liver, bone marrow, and/or 
tumor tissue from a large number of chickens. Such studies were the 
basis for the diagnostic criteria, and questionable cases at necropsy were 
confirmed by microscopic findings. 

The chickens were held for an experimental period of 270 days. 


RESULTS 


Erythroblastosis Strain R 


In order to fulfill the conditions listed previously for the full biologic 
characterization of an avian neoplastic agent, a preliminary test was con- 
ducted to determine the dosage range which would result in about half 
of the birds surviving the leukemic disease that appeared early. Results 
of this test suggested a dosage range from —5 to —6 logs ml. of 
plasma. Responses obtained in experiment 1 indicated that this dosage 
was somewhat high, therefore, a range from —6 to —7 logs was used in 
experiment 3. The dosages given are in terms of ml. of plasma con- 
tained in the volume inoculated. This type of dosage designation has 
been consistently used by Eckert et al. (37). 

The essential results after inoculation with erythroblastosis strain R 
of pool P and with oral washings and extracts of droppings (fecal-urinary) 
are given in table 1. The number of chickens listed per lot is the total 
number, less those that died of nonspecific causes within about 1 week 
after inoculation. This loss was variable but was usually less than 5 per- 
cent. A difficult problem arises in calculating the occurrence of the vari- 
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ous neoplasms. In the experiments with erythroblastosis there were two 
important types of neoplasms responsible for the mortality, namely, 
erythroblastosis and visceral lymphomatosis. Deaths due to the former 
occurred in 12 to about 100 days, although a few chickens inoculated 
with very low doses developed erythroblastosis after this interval. In 
contrast, chickens with visceral lymphomatosis very seldom die in less 


TaBLeE 1.—Long-period response to inoculation with erythroblastosis strain R 





Number with Percent with Median time to 
Number neoplasms neoplasms* death (days) 
inocu- - 
Inoculum and dose _ lated Erythro.V.lympb. Erythro.V.lymph.Erythro. V.lymph. 








Experiment 1 
lasma inoculum 
— 5.0 logs — 
230 


— 5.0 logs q ; 217 
Controls q , 


Experiment 3 
lasma inoculum 

— 6.0 logs 

—6.5 logs 

—7.0 logs 
Contact with lot, 

— 6.0 logs 

Controls 


Experiment 5 
Gral washings from 
inoculated birds 
Donor 28 


44 
Oral washings from 
contact birds 
Donor 57 
59 


Droppings’ extracts 
from inoculated birds 
Donor 35 
36 46 
43 46 
44 42 





* Based on corrected number—see text. 


than 100 days and usually not until approximately 130 days after inocu- 
lation (14). It is obvious that the chickens that die of erythroblastosis 
have no possibility of developing visceral lymphomatosis; therefore, in 
computing the percentage occurrence of visceral lymphomatosis, the 
number that had previously died of erythroblastosis and of other causes 
was subtracted from the number inoculated (less the nonspecific deaths 
occurring with 1 week). Since the number that died of erythroblastosis 
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was quite high in most instances, large corrections were made which 
resulted in a total mortality in excess of 100 percent. This occurred even 
though there were no joint erythroblastosis and visceral lymphomatosis 
cases. In calculating the percentage of erythroblastosis, birds that had 
died of other causes during the period of the erythroblastosis mortality 
were subtracted from the number inoculated. 

In experiment 1, most chickens died of erythroblastosis in a short time 
so that only a few were available to develop neoplasms later. Despite 
this selective alteration in the chicken population, of the 26 that were 
alive 100 days after inoculation with a log dose of —6.0, 11 died of visceral 
lymphomatosis. In experiment 3, lower doses caused erythroblastosis in 
10 to 47 percent and visceral lymphomatosis in 25 to 48 percent of the 
chickens inoculated. Some of the noninoculated chickens of the 2 groups, 
which were reared in direct contact with those that received the highest 
doses in each experiment, also developed either erythroblastosis or visceral 
lymphomatosis. The occurrence of these two diseases in the contacts of 
experiment 3 was fully as great as in the lot inoculated with —7 logs of 
plasma. Among the 2 control lots involving 130 chickens, only 1 devel- 
oped any type of neoplasm during the entire experimental period. 

Oral washings and extracts of droppings from chickens inoculated with 
erythroblastosis plasma were also infectious. The incidence of erythro- 
blastosis caused by oral washings from individual birds varied from 26 to 
91 percent. Fecal extracts from the same donors caused erythroblastosis 
in 5 to 29 percent of those inoculated. Visceral lymphomatosis also 
occurred in a very significant number of chickens of all groups inoculated 
with oral washings or fecal extracts. Erythroblastosis and visceral lym- 
phomatosis also occurred in the 2 groups of chickens inoculated with oral 
washings collected from noninoculated contact chickens. 

Osteopetrosis occurred in a total of 15 chickens, and renal adenocar- 
cinomas in 3 chickens. Most of the former and all of the latter were in 
lots inoculated with oral washings. A valid interpretation of this sporadic 
occurrence of these types of neoplasms in chickens inoculated with strain 
R is difficult to make at this time. Although chickens were inoculated 
with strains R and A at about the same time, the different inoculated 
groups were maintained in separate rooms. However, inadequate isola- 
tion procedures may have allowed the natural spread of virus from one 
group to another in a manner previously considered unlikely. 

Although at high doses the time-to-death with erythroblastosis was 
quite short and uniform, with an over-all range of 12 to 33 days and a 
median of 14 days, at lower doses, deaths occurred as soon as 12 days and 
a few also developed erythroblastosis after 200 days. The median time- 
to-death with erythroblastosis after inoculation with oral washings was 
similar to the groups inoculated with —6.0 logs per ml. plasma, and the 
median time-to-death after inoculation with fecal extracts was similar to 
the groups inoculated with —7.0 logs per ml. plasma. In this manner 


one may roughly estimate the relative viral potency of these sources of 
virus. 
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Myeloblastosis Strain A 


Dataon the occurrence of neoplasmsin chickens of line 15] inoculated with 
plasma, oral washings, or extracts of droppings from chickens infected with 
myeloblastosis strain A are given in table 2, together with similar data 
on contact and control groups. The corrections applied to these data 
are similar to those applied to the data in table 1. However, the r 
sponses obtained with myeloblastosis strain A are further complicated 
by the fact that in addition to the two leukosis diseases—myeloblastosis 
(synonymous with granuloblastosis) and visceral lymphomatosis—renal 
adenocarcinomas and osteopetrosis also occurred at a relatively high 
rate in almost all lots. Either of the latter neoplasms may occur alone, 
in combination with each other, or either or both of them may occur in 
combination with myeloblastosis or with visceral lymphomatosis. There- 
fore, chickens with more than one type of neoplasm will appear more than 
once in the section of table 2 that presents the number and percentage 
of neoplasms which have occurred. The occurrence of the carcinoma 
and osteopetrosis, as given in table 2, is based on the number inoculated 
less those that died of other causes prior to the first death from the neo- 
plasm under consideration. This time interval varied from lot to lot 
and was within 50 to 100 days. This eliminated most of the myeloblastosis 
mortality. These percentage data can only be considered as crude 
approximations of the incidence of these neoplasms. They are included 
in the table only because the number inoculated and the number that 
died of the early occurring disease varied greatly between the various 
lots. Therefore, the number of neoplasms that occurred in relation to 
the number of birds alive at the beginning of the occurrence of the partic- 
ular neoplasm was considered a metameter that gave a somewhat more 
accurate measure of response than the number alone. 

The osteopetrosis which occurred was very similar to, if not identical 
with, that obtained with strain RPL12 (13) and under natural conditions 
(39). The kidney tumors were similar to the renal adenocarcinomas 
described by Carr (11) except that almost all grew much larger and ap- 
peared to be less differentiated. Even though this tumor has always 
directly or indirectly caused death, the conspicuous absence of metastasis 
poses some questions as to its malignancy. 

The amount of virus used for inoculation in experiment 2 caused high 
losses from myeloblastosis. Despite this fact a high proportion of 
chickens that did not die of myeloblastosis developed visceral lympho- 
matosis, and, in addition, many others had osteopetrosis or renal tumors; 
most of these neoplasms occurred alone, but often they occurred in the 
various combinations as indicated previously. 

Virus used for inoculation in experiment 2 did not come from the plasma 
of chicken D696 but was passed once in chickens of this Laboratory. 
Since one may suggest a possible contamination of this strain during 
the passage, a second experiment was conducted in which plasma of 
chicken D696, received from Dr. Beard, was inoculated into chickens of 
lot (a), and plasma of the same source as that used in experiment 2 was 
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administered to chickens in lot (6) of experiment 4. The two plasmas 
gave comparable results and were also similar to those of experiment 2. 
The only variation that may be suggested is a greater incidence of renal 
tumors and osteopetrosis caused by the plasma obtained directly from 
Dr. Beard. 

There was 1 group of noninoculated birds in contact with each in- 
oculated group of experiment 4 and 1 group in contact with the log dose 
—1.5 group of experiment 2. Results of the 3 groups were similar in 
that myeloblastosis did not occur in any of the 3 groups but visceral 
lymphomatosis occurred in all, with an incidence of 28, 37, and 42 percent. 
Only 3 cases of osteopetrosis and 5 cases of kidney tumors appeared in 
the contact groups. Of unusual interest were the 15 cases of visceral 
lymphomatosis among the 77 control chickens. 

The inoculation of oral washings and extracts of droppings from 
individual donors inoculated with myeloblastosis strain A plasma also 
resulted in the occurrence of the 4 neoplasms. The incidence of myeloblas- 
tosis with these sources of virus was much lower, and the incidence of 
visceral lymphomatosis, osteopetrosis, and renal tumors was much higher 
than that obtained with the plasma in experiments 2 and 4. Such 
quantitative differences may well be due to differences in the viral dose. 

Although the median time-to-death with myeloblastosis is much longer 
than that for erythroblastosis in the high dosage lots, the range in time- 
to-death for the two diseases is great and extends over siniilar time periods. 


DISCUSSION 


Conclusive evidence is presented which demonstrates that under 
optimum conditions cell-free material from chickens with erythroblastosis 
strain R causes not only erythroblastosis but also visceral lymphomatosis, 
and that similar preparations from chickens with myeloblastosis strain A, 
in addition to causing myeloblastosis (granuloblastosis), also cause a 
high incidence of visceral lymphomatosis, renal adenocarcinomas, and 
osteopetrosis. These diseases were obtained not only with plasma but 
also with oral washings and extracts of droppings (fecal-urinary) which 
demonstrated that the viruses which caused all the previously mentioned 
neoplasms were in the saliva and in droppings at highly infectious levels. 

Furthermore, conclusive evidence that the virus(es) spreads by chicken- 
to-chicken contact was also obtained. Noninoculated chickens, which 
were allowed direct contact with others of the same hatch and inoculated 
with a low dose of leukosis strain R, developed erythroblastosis or visceral 
lymphomatosis. Some of the chickens that were in contact with those 
inoculated with leukosis strain A developed primarily visceral lympho- 
matosis; osteopetrosis and renal tumors occurred rarely, and myelo- 
blastosis not at all. This difference, i.e., the lack of myeloblastosis in 
contact birds, may be due to the apparently much greater dose of virus 
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required to produce myeloblastosis than that necessary for erythro- 
blastosis (40). 

Further evidence of the spread of virus by contact was found in the 
results obtained with oral washings of contact chickens. Not only 
were washings of individual chickens with erythroblastosis highly infec- 
tious but also washings of noninoculated contact chickens with no evidence 
of disease contained enough virus to cause both erythroblastosis and 
visceral lymphomatosis when inoculations were made intravenously. 
That the virus which causes erythroblastosis does not require a parenteral 
route to cause death from this disease is shown by the data for leukosis 
strain R. Others (41, 42) have reported direct evidence for nonparenteral 
routes of transmission of other strains which cause erythroblastosis. 
Although myeloblastosis did not develop in contact chickens, evidence 
that virus of this strain (A) was transmitted by a nonparenteral route was 
found in the occurrence of other neoplasms in the contact groups. 

That the extent of contact transmission is greatly influenced by the 
length of the exposure period has been reported (34, 43) and is confirmed 
by these data. Thus, in experiment 1, inoculations with leukosis strain R 
material at a dose of —5.0 logs caused death in all birds in 12 to 33 days 
(median, 14 days), and only a few (5) of a group in direct contact devel- 
oped leukosis; whereas, in experiment 3, the contact group was reared 
with inoculated (—6.0 logs) birds that died over a period of 12 to 251 days, 
and the number of positive cases (26) in the contacts was much higher 
than in the group in contact with the birds that received —5.0 logs 
(table 1). 

This requirement of a long exposure period, which is obtained in the 
case of leukosis strain R when very low doses are used, together with the 
fact that the development of erythroblastosis in contact chickens requires 
a long incubation period, may be the basis for lack of evidence of contact 
transmission reported by other investigators, who invariably have used 
only limited experimental periods which were based on the early responses 
with comparatively large doses. 

Data show not only that the myeloblastosis strain A virus was trans- 
mitted to chickens maintained in direct contact with those inoculated but 
also that it was transmitted to so-called “controls” and caused visceral 
lymphomatosis in 15 of 77 chickens. These chickens were reared for the 
first 10 weeks in a separate cubicle but within the same room as those 
inoculated, and then birds of the various lots were allowed to mix in a 
large pen. Under such limited isolation conditions, no evidence of trans- 
mission to controls was obtained in experiments with strain R, in numerous 
experiments with strain RPL12 (34, 41), or with natural sources of virus 
that cause primarily visceral lymphomatosis (35, 38). Possible natural 
infection cannot account for the level of visceral lymphomatosis (22.4%) 
in the strain A “controls,” because the controls for strain R (table 1), 
which were reared in other pens and were progeny of the same breeders, 
during the identical period, had less than 1.0 percent neoplasms. 
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Furthermore, of 246 other sibs that were reared in strict isolation, only 
1 developed lymphomatosis. 

The possibility that viruses which cause neoplasia in the chicken may 
be transmitted by various insects, ticks, or mites has been investigated 
(44, 45). The results reported have been either negative or equivocal. 
These external parasites were not on any chicken or in any rearing or 
maintenance facility used in our experiments, nor have they been on 
chickens of this Laboratory during the past 6 years. Mosquitoes are not 
a problem in the laboratory area and they are seldom seen in the chicken 
houses. It therefore seems probable that external parasites and mos- 
quitoes are not a factor in leukosis strains A and R in the transmission of 
virus or viruses to contact and to noncontact control chickens. 

The occurrence of visceral lymphomatosis after inoculation with cell- 
free material of chickens with leukosis strain R has not been previously 
reported, even though this strain has been under study in various lab- 
oratories since 1930 and has been propagated in over 100 passages (3). 
The occurrence of visceral lymphomatosis in chickens that were inoculated 
with cell-free material from chickens with leukosis strain A has been 
reported previously (16, 46) but not osteopetrosis and renal tumors. 
Osteopetrosis, however, has often been associated with lymphomatosis 
and is a common manifestation of several strains (14). This is only the 
second report on the experimental production of renal adenocarcinomas 
in the chicken. Carr (11) obtained similar tumors aftér inoculation of 
Brown Leghorns with the ES-4 leukosis strain of Engelbreth-Holm, thus 
confirming the wide cytotropism of some of the avian leukosis strains. 

The results reported here confirm those of Beard (25, 26, 40) in that 
there was no indication of erythroid stimulation in chickens inoculated 
with the myeloblastosis strain A, nor was there any indication of a ne- 
oplasia of the myeloid elements by the erythroblastosis strain R. Other 
significant differences between these two strains have been reported (40, 
47). These are based on differences in (1) shift in susceptibility related 
to age, (2) “virulence” or pathogenicity, (3) Forssman antigen, (4) 
adenosinetriphosphatase activity, and (5) precipitation reaction. These 
authors further indicate that morphologically the virus particles from the 
two strains are indistinguishable and appear to be closely related 
serologically. 

It is quite apparent that these two leukosis strains are not pure in the 
sense that each causes only one specific type of neoplasm. Whether 
they are pure in uniformity of specific virus particles still remains to be 
determined. What appears to be a uniform population of virus particles 
can be seen in electron micrographs, although this is of little significance 
since no differences between the two strains have been detected in this 
manner (48-50). 

If leukosis strains R and A each contain more than one specific and 
distinct, although related, virus, and if each type of neoplasia is caused 
by a specific agent, then one is forced to consider the possibility that all 
avian leukosis strains may contain more than one virus. Based on this 
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reasoning and the results reported here, with leukosis strains R and A, 
other strains that have been reported as pure or simple must be con- 
sidered with reservations. 

In contrast, one may take the view that most or all of the avian viral 
leukosis strains contain a single uniform population of virus particles 
with a multipotent capacity to cause a distinct, specific spectrum of 
neoplasms under certain specific conditions. This view has been held by 
many investigators for various combinations studied (8, 10, 15, 16, 51, 2). 
Although the circumstantial evidence in support of this view is impressive, 
conclusions cannot be drawn until several different strains have been 
re-examined and studied by such methods as the propagation of virus 
from tissue-culture clones. 
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Some Prompt and Delayed Effects of X Rays 
on Growth of Human Amnion Cells (Strain 
FL) in Tissue Culture‘ 
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Medicine, San Francisco, California, and Virus Labora- 
tory,’ University of California, Berkeley, California 


SUMMARY 


Some prompt and delayed effects of sin- 
gle doses of 100-kv. X rays on the growth 
of the established FL strain of human 
amnion cells in tissue culture were 
studied. The parameters of growth 
measured were cell volume, number of 
cells per culture, and total volume of 
cells per culture (culture volume). The 
effects were dependent on X-ray dose. 
Small changes in the growth rate were 
observed after 100 r, but sterilization of 
the culture required 1500 to 2000 r. 
Growth in cell number was more sensi- 
tive to radiation than growth in cell vol- 
ume; thus irradiation tended to pro- 
duce a condition of continued cellular 
growth accompanied by mitotic inhibi- 
tion. As a result, the distribution of 
cell volumes was widened and the entire 
distribution was shifted toward higher 
values. Giant cells represented the 


largest size in the changed distribution. 
Subcultures from irradiated cultures 
that had received 100 to 600 r grew out 
readily. After 1000 r, an exponential 
growth curve similar to that for unir- 
radiated cultures was obtained after 
several transfers. The X-ray sensitivity 
of such “1000 r-recovered”’ cultures was 
not strikingly different from that of the 
unirradiated cultures. The unirradi- 
ated cultures, however, had a less pro- 
nounced latent period. The recovery of 
such irradiated cultures involved, inter 
alia, the elimination of damaged cells 
by a process that may be considered 
analogous to natural selection. The 
bearing of this phenomenon on the 
prompt and late effects of X rays in 
vivo is discussed briefly.—J. Nat. Cancer 
Inst. 23: 293-304, 1959. 


ADVANCES IN mammalian tissue-culture techniques during recent 
years have greatly facilitated quantitative studies of growth and of the 
effects of X rays on growth. Thus, Puck and associates (1) have de- 
termined X-ray dose-survival curves for several types of mammalian 
cells in much the same way as is customarily done with microorganisms. 
This method, based on the principle that each surviving cell in an ir- 
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radiated population can be identified by its ability to form a clone, is 
especially useful in investigating the action of radiation in individual cells. 

In dealing with the effects of radiation in tissues or organs, however, 
interest may be centered on problems relating primarily to the survival 
of the population per se, as illustrated in some experiments by Lasnitzki 
(2) and by Reid and Gifford (3). Such survival may depend on metabolic 
interactions or selection pressures that exist in populations but are not 
readily evaluated under other conditions. 

With this in mind, some experiments have been carried out with tissue 
cultures on the FL strain of human amnion cells (4). The plan of the 
experiments involved, first, setting up a method for following quantita- 
tively the growth of a population in terms of changes in cell number, 
cell size, and total cellular volume per culture; second, studying the effect 
of several X-ray doses on the growth; and, finally, ascertaining whether 
the populations surviving X-ray exposure differed in certain gross respects 
from the parent culture. 


MATERIALS AND METHODS 


Culture technique.—Cells of strain FL (4) had been cultivated in serial 
passage for 17 months prior to the present experiments. The cells had 
become polyploid, with an average chromosome number of about 4n (5). 


The stock cultures were transferred weekly by taking ~1/24th of a 
trypsinized culture and seeding it into a milk-dilution bottle containing 
12 ml. of LY medium made up to contain 20 percent human serum (j). 
Trypsinization involved adding 4 cc. of 0.2 percent trypsin in pH 7.6 
buffer. 

For the experiments, cultures were grown in pyrex test tubes (15 X 1.5 
cm.) with rubber stoppers. Each tube received about 40,000 cells that 
had been harvested from trypsinized 3-day-old stock bottle cultures and 
resuspended in 1 ml. of conditioned medium. This conditioned medium, 
which was filtered and adjusted to pH 7 after removal from 1-day-old 
cultures, was used after preliminary experiments indicated that it reduced 
the latent period of the growth curve. The cultures were incubated at 
37° C. in stationary racks. 

The tubes were irradiated 3 days after seeding, and immediately after- 
ward another 1 ml. of conditioned medium (pH 7.5) was added to each 
tube. Thereafter, whenever the pH of the culture fluid of an experi- 
mental group fell below 7, the fluid was replaced with 2 ml. of conditioned 
medium (pH 7.5). 

Radiation technique-—The X-ray unit was a Phillips RT-100, employing 
a KO-100/8 tube with a beryllium-mica window. The radiation factors 
were: 100 kv. constant potential; 8 ma.; target-culture distance 23 cm. 
No filtration was added at the tube port but, owing to the glass wall of 
the culture tube, it was estimated that the total filtration was equivalent 
to about 0.3 mm. Al. For each experiment the exposure dose rate within 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 





X RAYS AND AMNION CELLS 295 


the culture tube was estimated by exposing a Victoreen ionization chamber 
within a glass tube under the same conditions used for irradiating the 
cultures. These dose rates were ~ 450 r per minute. 

The culture tubes were aligned for irradiation in the same way they 
were kept in the incubator. In the standard procedure, the tubes rested 
on a wooden block with the stoppered end of the tube elevated 0.3 mm. so 
that the culture medium (1 ml.) formed a layer several millimeters thick 
over the sheet of cells growing on the inner wall at the other end of the 
tube. The X-ray beam entered the tube from above and was therefore 
filtered by the glass wall of the tube before reaching the shallow layer 
of medium and the cell sheet. Five or 6 contiguous tubes, surrounded 
by wooden blocks, were exposed at one time. 

In an exploratory experiment, several modifications of this procedure 
were tested: (a) The culture tube was rotated 180° so that the cell sheet 
was on top and uncovered by the medium; (5) the cell sheet was on the 
bottom but the culture medium was withdrawn; (c) a piece of coverslip 
(1 X 2 cm.) was inserted, on which some of the cells would grow. It was 
noted that irradiation under (a) caused somewhat more damage than 
under the standard procedure, but that (6) and (c) made little difference. 
The increased effect under (a) was partly due to increased dosage, a result 
of shortening the distance between the cells and the X-ray tube and 
possibly for other reasons. The minimal effects of (b) and (c) indicated 
that the medium did not seriously interfere with oxygenation and that 
the coverslip was not an effective shield. 

The monolayer cultures in the tubes, with 1 ml. of medium, were ir- 
radiated between 8 and 25 minutes after they were removed from the 
incubator. The minimum time of 8 minutes was chosen to allow all 
cultures to come to room temperature (about 21 to 24°C.) before ir- 
radiation, thus bringing their metabolism to a relatively constant, de- 
pressed level. After exposure, the cultures received an additional 1 ml. 
of fresh medium and were returned to the incubator (37° C.) 35 minutes 
after they were taken from it. 

Counting and measuring technique.—It was decided to count only those 
cells that were adherent to the wall of the culture tube. The medium in 
each tube was therefore discarded. After gently washing the cell sheet 
with sodium-potassium phosphate buffer (m/15, pH 7.4) it was brought 
into suspension by incubation with 2 ml. of 1: 5000 Versene (in phosphate 
buffer) for 10 to 20 minutes at 37° C. The suspensions from 4 or more 
tubes were pooled, centrifuged for 2 minutes at about 150 X g, and resus- 
pended in an appropriate volume of Earle’s solution (6) which contained 
10 percent formalin. The centrifugation and resuspension may have 
caused the loss of some cells, especially those already on the verge of 
dissolution. 

The suspended cells were counted in a modified Spencer hemacytometer. 
In previous experiments, a poor distribution of strain FL cells had been 
found with a standard (0.1-mm. depth) hemacytometer. At the sug- 
gestion of Dr. Howard Ducoff, of the Argonne National Laboratory, we 
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employed a modification which he had found effective in improving the 
distribution of the large cells counted in protozoology. The two cover- 
slip supports of a standard hemacytometer were elevated by cementing 
to each a strip of Crown glass 0.4 mm. thick. The depth of the modi- 
fied chambers was thus increased to 0.55mm. A 1.1-mm. depth chamber 
was also found serviceable, but was less convenient to load. 

Both chambers in each of two hemacytometers were counted. The 
chambers were loaded with an 0.1-ml. unplugged serological pipette which 
was freshly filled for each loading. A total of about 400 cells was counted 
(100 per chamber). 

The diameters of 100 to 200 cells were measured in the counting chamber 
with a calibrated ocular micrometer (100). Most of the suspended 
cells were approximately circular. The diameters of the others were 
taken to be the average of the length and width. To simplify the presen- 
tation of results (e.g., in text-fig. 5), 6 nonoverlapping size-classes of cells 
were established. The smallest cell diameter and cell volume of the range 
for each class were as follows, assuming the cells to be spherical: 


Class Diameter Volume 





10. Ou 0.52 X 10-* mm’, 
16. 3u . 25 
22. 5u 
28. 8u 12. 
35. On 22. 
41. 3u 36. 
The mean total cell volume per tube, called the culture volume, was 
calculated as the product of the mean number of cells per tube times the 
mean cell volume. 


RESULTS 


After 3 preliminary experiments, 12 were done, 6 with cultures of 
“stabilized” FL strain amnion cells that had been transferred 65 to 87 
times, and 6 with X cultures, i.e., subcultures from irradiated FL cul- 
tures that had been carried through several transfers. The sequence 
of the experiments and the history of the cultures used in them were as 
follows: 

Experiment 4, 65th transfer; 

Experiment 5, 67th transfer; 

Experiment 6, 65 transfers, then irradiation with 1000 r, followed 
by 3 transfers in 31 days; 

Experiment 7a, 77th transfer; 

Experiment 7b, 65 transfers, then 1000 r, followed by 12 transfers in 
98 days; 

Experiment 7c, 65 transfers, then 1000 r, followed by 3 transfers in 
35 days, then 1000 r, followed by 5 transfers in 63 days; 

Experiment 9, 79th transfer; . 

Experiment 10a, 86th transfer; 
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Experiment 10b, 83 transfers, then 700 r, followed by 2 transfers in 
21 days; 

Experiment 11a, 87th transfer; 

Experiment 11b, 83 transfers, then 1000 r, followed by 2 transfers in 
28 days; 

Experiment 12, 83 transfers, then 1000 r, followed by 3 transfers in 
22 days. 

The increase in the number of FL cells grown under the present standard 
conditions is illustrated in text-figure 1. After a latent period of about 
1 day, the cells approximately doubled in number daily until their total 
reached about 1 million, on day 6 or 7, after which the rate fell. 
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, TEXT-FIGURE 1.—Cells per culture as a function of time after seeding. On the average, 
each point is based on 4 determinations drawn from 6 experiments. The FZ curve 
is for strain FL cells (expts. 4, 5, 7a, 9, 10a, and1la). The X curveis for subcultures 
obtained from irradiated strain FL cells transferred 2 to 12 times after irradiation 
(expts. 6, 7b, 7c, 10b, 11b, and 12). 


The volume of the culture, 7.e., total cellular volume, changed with 
time in much the same way as the number of cells (text-fig. 2). Between 
the 7th and 10th days, however, culture volume increased less than cell 
number owing to a decrease in the volume of the individual cells. On 
days 3 and 5, after seeding, the average cell volume was 3.6 X 10-°mm.'; 
on day 7 it was 3.0 and on day 10 it was 2.4 X 10-* mm.® 

The immediate effects of irradiating strain FL cells are shown in text- 
figures 3 to 5, based on experiments 4, 5, and 9. When judged by the 
number of cells per culture, the graded series of radiation doses produced 
a graded series of effects. The average doubling times during the first 
2 days after irradiation (the 3d to 5th days after seeding) were: 0 r, 1.2 
days; 100 r, 1.35 days; 300 r, 1.6 days; 600 r, 2.0 days. At 1000 and 3000 
r the number of cells tended to remain constant. After the 2d day the 
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TEXT-FIGURE 2.—Culture volume as a function of time after seeding. FL curve 
(expts. 4, 5, and 9); X curve (expts. 6 and 12). 





difference between the irradiated cultures and the controls was main- 
tained (100 and 300 r), or increased (600, 1000, and 3000 r). 

When culture volume instead of number of cells was the index of 
radiation effect (text-fig. 4), another result was obtained. No difference, 
regardless of X-ray dose, was observable on the 2d day after irradiation; 
on the 4th day there was no difference for doses up to 600 r; on the 7th 


day there was no significant difference for doses up to 300 r. The rate of 
increase in cell volume was much less affected by X rays than the rate 
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TExXtT-FIGURE 3.—Cells per culture after irradiation on day 3. 
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TEXT-FIGURE 4.—Culture volume after irradiation on day 3. 





of increase in cell number. The corollary of this observation is illustrated 
in text-figure 5, where it is seen that cell volume, i.e., the mean volume 
per cell, increased directly with the radiation dose, reaching its maxi- 
mum 2 to 4 days after exposure. 

The distribution of cell volume (size class) was also studied. In the 
unirradiated culture, illustrated by the topmost set of bar graphs in text- 


figure 6, more than 98 percent of cells fell within the 3 lowest classes and 
the distribution on days 3, 5, and 7 after seeding appeared approximately 
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TEXT-FIGURE 5.—Mean cell volume after irradiation on day 3. 
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normal. On day 10 the distribution was skewed toward the smaller 
volumes. Similar findings were obtained in cultures exposed to 100 r. 
For 300 r and above, however, there was a shift to larger volumes and 
cells than occurred in classes 4, 5, and 6. The results showed that in 
unirradiated cultures there was an approximately normal distribution 
within a relatively small size range. In old cultures there were relatively 
more small cells. X rays tended to increase the size of cells but never 
to decrease it. The increase was not an all-or-none phenomenon, but 
involved a shift in the distribution of cell sizes toward larger volumes 
and also toward a greater range of volumes. The association of the 
largest cells with the highest doses indicated the pathologic nature of 


the increase in cell volume. 
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Text-FIGURE 6.—Distribution of cell volume after irradiation on day 3. The cell 
volumes are distributed in 6 classes that are specified under ‘‘Materials and 
Methods.” 


To ascertain whether the irradiated cultures were viable, they were 
observed for 1 or more weeks after exposure, and were transferred when 
it appeared that a sufficient number of healthy cells was present. 
Cultures that had received 100 to 600 r grew out readily; cultures that 
had received 3000 r were always killed; viable transplants of cultures 
that had received 1000 r were obtained in 4 out of 4 trials, carried out 
2 to 4 weeks after exposure. It is probable that the sterilizing dose 
lies somewhere between 1500 and 2000 r, a value similar to that for the 
L mouse fibroblast (3). 

To determine whether the subcultures derived from irradiated cultures 
of FL cells were significantly different by our selected criteria from the 
parent culture, tests were carried out usually after 2 to 4 transfers fol- 
lowing exposure to 1000 r (see previous details). In one experiment, 12 
transfers had been made (expt. 7b). In another, after 3 transfers, the 


JOURNAL OF THE NATIONAL CANCER INSTITUTE 





X RAYS AND AMNION CELLS 301 


culture was irradiated for a second time with 1000 r and the test made 
after 5 additional transfers (expt. 7c). A comparison of the results 
obtained in all the experiments indicated no marked differences among 
them and the data were pooled. 

It appeared that once the irradiated culture (X) had been successfully 
transferred several times its gross characteristics were much the same as 
those of the parent strain (FL). The growth curve for X cultures was 
almost identical with that for the FL, both on the basis of the number 
of cells per culture (text-fig. 1) and the culture volume (text-fig. 2). 
The separation of the X and FL curves in text-figures 1 and 2 resulted 
from a small difference during the latent period when the X cultures 
decreased somewhat in cell number during the 1st day. Apparently their 
ability to withstand a change in environment was less than that of the 
parent strain. Once established, however, their rate of growth was 
equal to that of the parent strain and the distribution of cell sizes was not 
markedly different.® 

In 2 experiments re-irradiation tests were carried out with X cultures. 
The growth curves were similar to those of text-figure 3. The average 
doubling times during days 3 to 5 after seeding, 7.e., during the first 2 
days after irradiation, were as follows: 0 r, 0.95 day; 100 r, 1.0 day; 300 r, 
1.15 days; the results with 1000 and 3000 r, together with the preceding 
ones, indicated that no great change in the sensitivity of these cultures 
had occurred. For various reasons, the data are not considered reliable 


enough to indicate if changes in the range of +20 percent had, in fact, 
taken place. The data do indicate that a change of the order of 50 percent 
had not taken place. 


DISCUSSION 


The present experiments with an established strain of amnion cells 
could yield results that differ, at least in part, from those to be obtained 
with normal primary cells. Zitcer and Dunnebacke (7) have described 
some of the morphologic events and the times involved when primary 
amnion Cells in tissue culture transform into established lines. Pomerat 
et al. (8) associate the establishment of a strain in tissue culture with the 
development of the polyploid state. Although the evidence is impressive, 
some exceptions have been reported. Westwood and Titmuss (9) found 
evidence that establishment (which they call transformation) had occurred 
in cells still possessing the diploid number. Pomerat and associates also 
concluded that giant cell formation after X-ray exposure occurs only in 
established strains. Puck and associates (1), however, found that a 
freshly isolated line of fibroblast-like cells formed giant cells similar to 
those in established lines. Furthermore, it has been observed for many 

¢ Although the FL and X points were not significantly different from one another by ¢ test on days 1 to 5, the 
facts that every point on the X curve after day 0 fell below the corresponding point on the FL curve and that 
the curves were almost parallel from day 1 onward are a strong argument for a significant difference in growth 


during the latent period. On day 7 the points were significantly different (P = 0.02) and probably also on day 
10 since the three FL points did not overlap the two X points. 
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years that mammalian cells in vivo (10) and those of lower organisms may 
show marked enlargement after irradiation (11). 

In this connection, the frequency distribution curves of cell volume 
(text-fig. 6) are of interest. They illustrate that giant-cell formation 
per se is nothing more than an extreme case of a change that tends to 
affect all members of the cell population and that it depends on the radi- 
ation dose and on elapsed time after exposure. In the controls, more than 
98 percent of the cells have diameters that are more or less normally 
distributed between 10 and 29 yu during the period of exponential growth. 
At the end of this period (day 10) the distribution is skewed toward the 
smaller diameters, but the lower bound is not exceeded. In the irradiated 
cultures, the approximately unimodal distribution was shifted toward 
higher values, and appreciable numbers of cells were present with diam- 
eters that significantly exceeded the normal upper limit: after 300 r, 
about 10 percent; after 1000 r, about 20 percent; after 3000 r, at least as 
much as 65 percent. 

The changes in cell volume illustrated in text-figure 6 are considered 
to be the result of continued cellular growth under the condition of inhib- 
ited cell division (12-17). This phenomenon, in conjunction with a loss 
of cells due to dissolution after death and some loss due to separation 
from the glass wall of the culture tube (as noted under “Methods”), will 
explain the results in text-figures 3 and 4. After 100 and 300 r, division 
was slowed but growth continued so that increase in culture volume was 
uninhibited. After 600 r, cell division was inhibited immediately but 
growth continued until day 7; after 1000 r, until day 5. After 3000 r, it 
appeared that growth continued for only 2 days, after which a marked 
decrease in number occurred. In part, this decrease must have been 
due to the failure of severely damaged cells to remain attached to the 
wall of the culture tube. 

It was a limitation of the present experiments that the period of ex- 
ponential growth covered only 6 or 7 generations instead of, say, 20. 
In retrospect, it appears probable that a somewhat longer period of 
exponential growth could have been obtained by starting with a smaller 
inoculum—about 10,000 cells in 0.5 ml. of medium, instead of 40,000 cells 
in 1 ml. of medium. 

Cultures that had received 1000 r gave rise, after several transfers, 
to subcultures whose rate of growth during the exponential period was 
normal. This finding is in general agreement with some previous work. 
Lasnitzki (2) noted that irradiated cultures of choroid and sclerotic tissue 
from the chick embryo were more sensitive to X rays than unirradiated 
ones. Recovery from a dose of 1000 r occurred, however, after 5 sub- 
cultures in 10 days; from 100 r, after 2 subcultures in 4 days. Reid and 
Gifford (3) noted that cultures of strain L mouse fibroblasts after ex- 
posure to 500 r resumed an approximately normal growth rate in 
about 2 weeks. 

Puck (18) reported isolating as clones many morphologic and meta- 
bolic mutants from HeLa cultures exposed to 500 to 700 r. It is obvious 
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that when single cells are isolated the probability of finding mutants is 
enhanced. In Lasnitzki’s experiments (2), as in our own, such mutants 
had to compete with the less injured or uninjured members of the popu- 
lation, so that many if not most of them presumably were lost. In our 
experiments a difference after heavy dosage was observed, namely, the 
X cultures withstood the severe conditions of the latent period less well 
than the parent cultures. Thus, in spite of selection, a change of some 
kind had persisted. It was of interest, however, that the change was 
small after 1000 r, and it may be speculated that after doses of 500 r or 
less the changes might not be detectable. 

All these experiments with tissue cultures suggest: a model for some 
of the somatic effects, both prompt and late, that occur in the irradiated 
epithelia of the body. As Puck (18) has emphasized, a genetic approach 
to the problem is important. Of equal importance, however, is the 
principle of natural selection; only those lesions will be significant that 
can survive under the conditions of their natural habitats. Obvious 
as such a conclusion may be, its consequences are far reaching. It implies, 
for example, that the magnitude of the prompt cytologic effects of X rays 
may be a poor measure of the later effects. 

It is also worth noting that this general approach applies to the germinal 
epithelium and therefore may be a consideration in mammalian X-ray 
genetics. The population mutation rate that follows irradiation of the 
spermatogonia depends, first, on the number of hits in the chromosomes 


but, second, on the survival of the “hit” cells and on their capacity to 
engender a viable clone leading to the production of functional sper- 
matozoa. The selection pressures in the testis and in the female genital 
tract will tend to favor the less injured and uninjured cells. Further- 
more, in principle, variations in X-ray dosage to the testis could influence 
the magnitude of the selection pressures in addition to damaging the 
spermatogonia. 


i 
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Tumors Associated With Embedded Polymers':’ 


F. E. RUSSELL,’ M. H. SIMMERS,' A. E. HIRST,’ and 
R. H. PUDENZ,":° College of Medical Evangelists, Los 
Angeles County Hospital, Los Angeles, California, and 
Institute of Medical Research, Huntington Memorial 
Hospital, Pasadena, California 


SUMMARY 

A study was made of the long-term 
tissue effects of certain polymers when 
embedded in the subcutaneous tissues 
of the abdominal wall of rats. Five of 
the 299 animals that survived 300 days 
or more developed malignant tumors at 


the site of the implants. The tumors 
included 4 spindle-cell sarcomas and 
1 undifferentiated sarcoma. A benign 
fibroma was found about one im- 
plant.—J. Nat. Cancer Inst. 23: 305- 
315, 1959. 


DURING THE course of an investigation on the use of prosthetic devices 


in the central nervous system (1, 2), a study was made of the local acute 
and chronic tissue effects of the materials in the devices when embedded 
in the tissues of laboratory animals. The study was divided into three 
parts. The first part, reported herein, dealt with the implantation of a 
number of polymers in the subcutaneous tissues of the abdominal wall of 
rats. The second part dealt with the effects of the same polymers when 
embedded in the central nervous system of rats, and the third phase, 
with the physical and chemical changes produced in the polymers during 
the period of implantation. 

In 1941, Turner (3) noted a fibrosarcoma about a Bakelite disc which 
had been implanted in a rat 23 months previously. In a group of 12 rats 
in which Bakelite discs had been implanted subcutaneously, Turner 
observed 3 fibrosarcomas in the 8 animals that survived a 20-month 
period. 

In 1948, Oppenheimer et al. (4) reported wrapping regenerated cellulose 
film about the left kidney of 55 rats. Twenty-three animals survived 
11 months and, of these, 8 developed tumors (34.8%). In a second experi- 
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ment they embedded 2- to 3-cm. square pieces of the same cellulose in the 
subcutaneous tissues of the abdominal wall in 55 rats. Forty-two animals 
survived 11 months and, of these, 15 developed tumors (35.7%). Of the 
23 tumors, 17 were fibrosarcomas, 2 were liposarcomas, 1 a rhabdomyo- 
sarcoma, 1 an undifferentiated sarcoma, 1 an osteogenic sarcoma, and 1 a 
plasmocytoma. Metastases occurred in 3 instances. 

In 1952, Druckrey and Schmahl (5) reported observing sarcomas in rats 
at the site of implantation of commercially regenerated cellulose film. 
Using a strain of rats in which no spontaneous sarcomas had been observed 
during the preceding 12 years, these investigators induced sarcomas in 13 
of 50 animals that survived a 12-month period. In asecond group of 9 rats, 
in which the film had been implanted in the abdominal cavity, 4 of 6 
animals that survived 360 days developed sarcomas. 

The following year Oppenheimer and his associates (6) reported that 
they obtained malignant tumors in mice and rats after the implantation 
of regenerated cellulose, pure and impure polyethylene film, polyvinyl 
chloride film, Silastic, Teflon film, Dacron film, polystyrene film, and 
nylon film. At this time these investigators reported finding a fibro- 
sarcoma about a glass coverslip in 1 of their control rats. The tumor 
appeared 659 days after implantation. 

In 1954, Druckrey and Schmiahl (7) produced tumors in rats, with a 
number of polymers. They observed that benzol extractions of the poly- 
mers did not have carcinogenic activity, while the extracted polymers did. 
They also observed carcinogenic activity with quartz sand but not with 
glass. Laskin, Robinson, and Weinmann (8) reported a 25 percent 
incidence of fibrosarcomas in mice after subcutaneous implantation of 
methyl methacrylate film. 

In 1955, Oppenheimer and his group (9) reported producing malignant 
tumors in from 0 to 46 percent of their rodents after implantation of a 
number of plastics. Bering et al. (10) observed a 12.7 percent incidence of 
fibrosarcomas after implantation of pure polyethylene film in the sub- 
cutaneous and subgaleal tissues of rats. Nothdurft (11) implanted several 
forms of polyvinyl chloride, cellulose hydrate, and polystyrene subcu- 
taneously and intraperitoneally in 1,104 rats. The implants were in the 
form of discs, little sticks, balls, and powder. Over a period of several 
years 123 sarcomas were observed. The disc-shaped implants produced 14 
times more tumors than the powder implants. In the animals in which the 
powder was distributed loosely, no tumors were observed even after 19 
months. Seventy sarcomas were found in rats that had smooth, unper- 
forated discs implanted intraperitoneally, while only 37 sarcomas were 
observed in animals in which the discs had been perforated several times 
with a sewing-machine needle. Where implants had been made in the 
form of sticks, balls, and bristles, tumors were associated only with 
the stick form. Nothdurft suggested that the production of cancer 
in rats after implantation of a polymer was more directly related to the 
capsule which enveloped the material than to the chemical structure, 
impurities, contaminants, or shape of the implant. 
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In a study to determine how long embedded polystyrene must remain 
in contact with subcutaneous tissues in order to induce a tumor, Oppen- 
heimer et al. (12) concluded that if the implant is removed from its con- 
nective-tissue sheath, or pocket, within the first 6 months after embed- 
ment, no tumors will be found. Removal of the implant with the connec- 
tive tissue sheath left in place, after the initial 6 months’ embedment, does 
not appear to influence the rate of tumor production. When both the im- 
plant and the pocket are removed, no tumors are produced. These investi- 
gations demonstrated that the fibroblastic activity leading to tumor 
development commences in the cells lining the pocket wall adjacent to the 
implant. 


METHODS AND MATERIALS 


Wistar rats, of known pedigree, equally divided as to sex, were used in 
all experiments. The animals were housed in metal cages in a well- 
ventilated room under conditions of constant temperature and humidity. 
All rats received a vitamin-supplemented stock rat diet and were exercised 
once a week. Each rat was examined once weekly. When the animals 
weighed 60 gm., an operation was performed. The rats that survived 2 
years or more weighed between 250 and 500 gm. The incidence of spon- 
taneously occurring tumors in the colony for the 2 years preceding the 
experiment was 3 percent. 

Under urethan anesthesia (66 mg./60-gm. rat), an incision was made in 
a previously sterilized area lateral to the midline of the abdomen, and 
_ the implant was placed in the subcutaneous tissues to one side of the 
incision. The incision was closed with 2 or 3, #3-0 silk sutures, the 
area was painted with aqueous zephiran chloride, and then sprayed with 
Aeroplast. ‘‘Aeroplast’’ contains co-polymers of hydroxy-vinyl chloride- 
acetate and sebacic acid, 9.3 percent by weight, and modified maleic 
rosin ester, 3.1 percent by weight, in an ethyl acetate-acetone solvent 
with fluorochloro hydrocarbon as a gaseous propellent. The operative 
mortality was nil. The animals were housed separately for 7 to 10 days, 
and then placed in their permanent quarters in groups of 3. Occasionally 
an animal would slough its implant, and was removed from the experiment. 
Sick animals were isolated and treated, as necessary. All rats were killed 
within 800 days after the operation. 

Multiple tissue sections were taken from the implant area in all animals. 
Sections of the lungs, liver, spleen, kidneys, and other organs were taken 
from every 5th animal in the colony and from every animal that developed 
a tumor. The most common findings observed at death were broncho- 
pneumonia, bronchiectasis, middle-ear disease, polyarthritis, paratyphoid, 
and mange. 

The following materials were embedded: Teflon; polyethylene film; 
polyvinyl chloride film (EHR-11); Silastic 250, 450, 8180, 675, 2000, and 
9711; 300 PT-62 cellophane; white polyvinyl alcohol sponge; and glass.’ 

'™The materials were procured from their manufacturers with the following exceptions: polyvinyl chloride 


EHR-11 from Don Baxter, Inc., Glendale, Calif.; Silastics 250, 450, 8180, and 675 from Plasticand Rubber Products 
Co., Los Angeles, Calif.; and polyvinyl alcohol from Clay Adams, 
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The implants were washed thoroughly with a detergent, rinsed with 
distilled water, and dried in an oven at 37° C. They were exposed to 
high-voltage cathode rays or ultraviolet radiation prior to implantation, 
The implants measured 4mm. X 5 mm. and were approximately 0.16 mm. 
thick. The amount of cathode-ray sterilization used in the present study 
appears to have no effect on the chemical or physical properties of the 
polymers under investigation. The edges of all materials were cut at 90° 
angles; no implants were perforated or their surfaces altered in any way. 


RESULTS 


The results are shown in table 1. Of 299 rats observed for 300 days 
or more, 5 developed malignant tumors at the sites of the implanted 
materials. The tumors included 4 spindle-cell sarcomas and 1 undif- 
ferentiated sarcoma, probably a rhabdomyosarcoma; none of the ne- 
oplasms metastasized. One benign fibroma (fig. 1) was found about a 
polyvinyl chloride implant. Eight spontaneous tumors were observed 
including 2 bronchogenic carcinomas, 2 reticulum-cell sarcomas, 1 mam- 
mary fibroadenoma, 1 fibrosarcoma, 1 malignant lymphoma, and 1 
papillary carcinoma of the bladder. None of the rats with a spontaneous 
tumor developed cancer at the site of the implant. ; 

In a preliminary study it was observed that encapsulation of the polymer 
by fibrous connective tissue occurred within the first 16 days after 
implantation. In the present study, the fibrocytes gradually laid down 
collagen so that by the end of the 300-day period the capsule contained 
an abundance of collagen, while the fibrocytes had become small and 
spindly. Figure 2 shows the capsule from about a Teflon square im- 
planted 730 days previously. The implants could easily be removed 
from the capsules and only in those sites in which a tumor was found 
did the polymer adhere to the surrounding tissues. In 9 instances there 


TaBLeE 1.—Tumors induced in rats following implantation of polymers 





Number Number Minimum 
rats re- ratssur- Effective Number induction 
ceiving an -viving total malignant time 
Material operation 300 days rats* tumors (days) 





Glass (control) 20 0 
Polyethylene film 51 
Polyvinyl] chloride film 
Polyvinyl alcohol sponge 
Regenerated cellulose film 
Silastic 250 
Silastic 450 
Silastic 675 
Silastic 2000 
Silastic 9711 
Teflon film 
Total 


- oO 
+ 


wNorocorceo 





*Number of rats surviving at time of appearance of first tumor. 
t Does not include 1 benign fibroma. 
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were focal proliferative changes within the capsule, ranging from a slight 
increase in the number of fibrocytes to marked cellularity (fig. 3). These 
changes were found about 2 Teflon implants, 6 Silastic implants, and 1 
cellulose implant. 

The 5 induced malignant neoplasms were confined to the subcutaneous 
tissues, though in 1 animal the tumor infiltrated striated muscle (fig. 4). 
This sarcoma found about a SR-250 implant was observed 583 days after 
implantation. At 584 days it measured approximately 1 X 2.6cem. Two 
weeks later it measured approximately 2 X 4 cm., and when removed at 
autopsy at 623 days, it measured 4.5 X 5 X 2.5 cm. and weighed 40 gm. 
The Silastic was found in the center of the mass. The other 4 animals 
bearing induced tumors were killed, or died, 2 to 8 weeks after the mass 
was first observed. The largest tumor, a grade II, spindle-cell sarcoma 
about a polyvinyl chloride implant, measured 7.5 X 7 X 4. cm. and weighed 
101 gm. 

Figure 5 shows a tumor developing around a Teflon implant. On one 
side of the implant the tumor was separated from the polymer by a thin 
layer of collagenous tissue, while on the other side the tumor was in 
direct contact with the implant. This tumor ulcerated through the skin. 
The tumor considered to be a rhabdomyosarcoma (fig. 6) developed 
about a Silastic 2000 implant. Two of the 5 animals that developed 
malignant tumors had grossly visible inflammation of the skin overlying 
the embedded polymer. This reaction was noted for the first several 


days after the operation but had disappeared by the 8th day. 


DISCUSSION 


The short-term tissue effects of embedded polymers have been de- 
scribed by a number of investigators (13-21). The clinical significance 
of the long-term tissue effects of these substances in rodents is not known. 
It is known that many agents can cause neoplastic transformation of cells 
in both man and rodents (22). However, does the induction of tumors in 
rodents after implantation of polymers bear a relationship to the occur- 
rence of tumors in humans exposed to the same material in the same 
manner? 

The percent of malignant tumors (1.7%) induced in our series of rats 
is lower than that reported by other investigators using the same ma- 
terials. The significance of this difference is not known. The colony of 
animals used in the experiment had been studied for the incidence of 
spontaneously occurring tumors for 2 years before the investigation. 
Subsequently, 50 offspring of the rats in the study have been observed 
for 18 months. One bronchogenic carcinoma has developed during this 
period. It seems apparent that the incidence of spontaneously occurring 
tumors in this colony has not changed remarkably during the past 7 years. 
One of us (FER) has observed the technique of implantation used by 
several other investigators and can find no essential difference in the 
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methods employed other than that in the maintenance of asepsis. In 
the present series, when the rats weighed 60 gm., an operation was per- 
formed. Several investigators have used rats weighing 100 gm. or more, 
or rats of different breeds, ages, and weights. It is felt that the feeding 
and environmental conditions maintained in our colony were optimum. 
Also, most of our animals were exercised weekly, an activity we have not 
observed elsewhere. 

Whether any of these differences could influence the incidence of induced 
tumors in rats is not known. While it is unlikely that these factors could 
account for the lower number of malignant tumors in our colony, they 
indicate that there are a number of ways in which the experimental method 
can be varied and the variants become difficult to evaluate. Horning 
and Alexander (23) have observed that there is a correlation between the 
size of the surface area of the implant and the latent period and incidence 
of tumor induction. Part of the difference between our incidence and that 
observed by other investigators might be attributed to our smaller im- 
plants. It would appear that the total uninterrupted plane-surface area 
may be a critical factor in the production of these tumors. 

No tumors were overlooked. Multiple tissue sections were taken from 
each implant site and all but 3 animals, observed for less than 300 days, 
were accounted for at the end of the experiment. We believe that a 
greater number of animals needs to be studied before the incidence of 
induced tumors by polymers can be determined. : 
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PLaTE 24 


Figure 1.—Section of benign fibroma found about a polyvinyl chlorideimplant. The 
tumor, which measured 3 X 2 X 1.5 cm., was white and rubbery. X 105 


Figure 2.—Fibrous capsule forming about a Teflon implant. The capsule is com- 
posed predominantly of collagen and contains a number of spindly fibrocytes. 
xX 105 


Ficure 3.—Highly cellular capsule found about an implant of Silastic 250. X 210 


Ficure 4.—Spindle-cell sarcoma measuring 5 X 4.5 X 2.5 cm. forming about a 
Silastic 250 implant. Tumor infiltrates striated muscle. X 210 
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Figure 5. Section of spindle-cell sarcoma developing about a Teflon implant. Th 


portion of tumor is separated from implant by a thin band of collagen 21K 


hiagure 6. Spindle-cell tumor developing about a Silastic 2000 implant. Spind! 
cells with ribbon-like cytoplasm in the presence of frequent multinucleated tume 


giant cells strongly suggest muscle origin of tumor 210 
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Third Australasian Conference on Radiation Biology 


The Conference will be held at the University of Sydney, from August 15 to 18, 1960; 
Dr. Peter Ilbery, Convener, Department of Preventive Medicine, University of Sydney, 
N.S.W. 

Two or more guest speakers will deliver addresses on the primary biochemical and 
biological lesions in radiobiology, chemical and biological protection, and the delayed 
somatic effects of radiation. 

Papers of 2,500 words (250 word summary) are invited on the following subjects: 
radiation biology, radiation chemistry, and radiation physics. 

Accommodations will be available at the University of Sydney. 


Spare and Sale Copies JNCI 


Do you need a copy of the Journal to complete your volume? We may have the 
one you want. 

Vol. 22 (1959) all; vol. 21 (1958) all; vol. 20 (1958) May only; vol. 17 (1956) Oct. 
and Sept. only; vol. 16 (1955-56) all except April and June; vol. 15 (1954-55) all except 
Aug. and Dec.; vol. 11 (1950-51) Dec. only; vol. 10 (1949-50) Aug. and Oct. only; vol. 
9 (1948-49) all except the combined issue April-June; vol. 8 (1947-48) Aug. and Oct. 
only; vol. 7 (1946-47) Oct., Dec., and Feb. only; vol. 6 (1945-56) Feb., April, and June 
only. Please address your request to the Editorial Office, National Cancer Institute, 
Bethesda 14, Maryland. These copies will be supplied without charge, but our supply 
is limited. 

Most issues, starting with August 1955, are still on sale by the Superintendent of 
Documents, U.S. Government Printing Office, Washington 25, D.C. Current issues 
are always available. Prices vary. 
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